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NEAR EARTH OBJECTS 


WEDNESDAY, APRIL 7, 2004 

U.S. Senate, 

Subcommittee on Science, Technology, and Space, 
Committee on Commerce, Science, and Transportation, 

Washington, DC. 

The Committee met, pursuant to notice, at 2:30 p.m. in room 
SR-253, Russell Senate Office Building, Hon. Sam Brownback, pre- 
siding. 


OPENING STATEMENT OF HON. SAM BROWNBACK, 

U.S. SENATOR FROM KANSAS 

Senator Brownback. The hearing will come to order. Thank you 
all very much for coming today. My apologies for being nearly a 
half hour late. We had two votes scheduled back to back and I had 
to go over and vote. I apologize for that to our witnesses and to oth- 
ers. 

We appreciate people being able to come particularly on this 
Holy Week of Passover and Easter. It’s quite a week and I appre- 
ciate our witnesses are willing to come into town for this particular 
important hearing that we’re having. 

Most people have watched Hollywood movies about asteroids, or 
more correctly “Near-Earth Objects” — NEOs for short — striking the 
Earth. Yet few know what is real and what is not. Fewer still know 
what your government is doing about this threat, or not doing for 
that matter. 

Asteroid 2004FH, approximately 100 feet wide, passed within 
about 25,000 miles of the Earth on March 18, 2004. This is equiva- 
lent to riding in an airliner and seeing a small plane suddenly pass 
a few hundred feet off the wing. It’s a pretty scary occurrence. Had 
this asteroid hit the Earth, as a somewhat bigger one did in 1908, 
it would have released over a megaton of energy. This is the explo- 
sive yield of a large nuclear weapon. Yet we had only a few days 
warning of Asteroid 2004FH. Other similar objects just missed us 
in the past few years and we didn’t even see them until they were 
past. 

Scientists tell us that a big asteroid, ten miles in diameter, de- 
stroyed the dinosaurs 65 million years ago. Asteroids are the small 
bits left over from the formation of the solar system billions of 
years ago. If we look up at the moon we can see the results of bil- 
lions of years of bombardment in its shattered face. The Earth suf- 
fered similar hits but most have healed due to Earth’s weather and 
geological processes. 
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Small asteroids hit the Earth every year; about thirty struck the 
upper atmosphere last year. They each release as much energy as 
a small atomic bomb. Fortunately the atmosphere protects us from 
these little asteroids. But ones such as the March 18 object could 
devastate a large city. Experts tell us that we run about the same 
risk of dying in an airline crash as we do dying from an asteroid 
strike. This is serious and warrants serious attention by our gov- 
ernment. 

The President’s new space exploration vision mandates that we 
focus our attention on the opportunities inherent in moving human 
presence into the solar system. But it also raises the question as 
to potential threats out there. Panels of experts have met over the 
past few years. All tell us that the threat of NEO impact is real. 
At the smallest scale, those that strike us several times a month 
could be confused in a crisis as a nuclear attack. Asteroids the size 
of the one a few weeks ago hit Earth several times a century. The 
experts also tell us that we could have the ability to detect these 
objects before they hit and do something about it. 

Today we are meeting to consider whether Congress should pass 
legislation to do something about this threat from space. We will 
hear from program managers within NASA and the National 
Science Foundation on what is being done now and what is 
planned. 

We will hear from the experts in our scientific community on 
what they recommend we do to find the threatening objects before 
they hit. We will hear from space development experts on how we 
could build spacecraft quickly and cheaply to meet threatening ob- 
jects deep in space to find out about them and divert them as nec- 
essary. 

And finally, we will hear from former and current astronauts 
how these objects might fit into the President’s exciting new space 
exploration vision, both as targets for scientific exploration and 
commercial use, as well as how to divert the threatening ones. 

For the first time in this planet’s long history, the life that lives 
here can take control of its own long-term destiny in this regard. 
The clockwork of the solar system eliminated dinosaurs. Humans 
were one result of that event. The question before us is to whether 
and how humans will deal with this aspect of our collective future. 

I want to enter into the record then as well, a statement from 
Congressman Dana Rohrabacher who could not be here with us 
today. They are on break on the House side and he has proposed 
a bill to deal with Near Earth Objects and that will be put into the 
record. 

[The information referred to follows:] 
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9 been iliseowml within dii.N's of the ohjeets' closest 

10 approach to Kui*th, and iweiit discoveries of such 

1 1 larp' ohjeets indicate tliat many lai^^ near-Karth 

12 objects ii'inain nndiscoveivd. 

13 (4) Th<‘ (dToii.s taken to date by the National 

14 Aeronautics and Space Adininisti-ution for det4H‘linK 
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Senator Brownback. I’m delighted you all could join us today. I 
look forward to this informative hearing giving the Senate some 
idea of what all is being done and what needs to be done. 

Our first panel is Dr. Wayne Van Critters — Citters? 

Dr. Van Citters. Van Citters. 

Senator Brownback. Van Citters, excuse me. That’s a near miss 
for me on the pronunciation. Division Director, Division of Astro- 
nomical Sciences, National Science Foundation. I’m delighted 
you’re here. 

Dr. Bindley Johnson, Program Manager, Near Earth Objects Ob- 
servation Program at NASA. 

Gentlemen. We’re delighted to have both of you here. I apologize 
for being late. Your full statement will be placed in the record and 
so you’re free to summarize or to present however you’d like to. Dr. 
Van Citters. 

STATEMENT OF DR. WAYNE VAN CITTERS, DIRECTOR, 
DIVISION OF ASTRONOMICAL SCIENCES, 

NATIONAL SCIENCE FOUNDATION 

Dr. Van Citters. Thank you sir. Chairman Brownback, Ranking 
Member Breaux, and distinguished Members of this Subcommittee. 

We appreciate the opportunity to present the position of the Na- 
tional Science Foundation on the important subject of Near Earth 
Objects this afternoon and in responding. I’ll present a picture of 
NSF’s current activities in this area. We are supporting research 
into the nature and origin of these objects as well as potential im- 
portant contributions that NSF support, instrumentation and tech- 
niques could make to an expanded discovery and characterization 
effort. 

As I’m sure the Committee is aware, NSF supports a wide range 
of basic research in astronomy from solar system studies to cos- 
mology all the way to the very nature of matter and energy and 
what we support is driven by the interest of the scientific commu- 
nity that we support and our merit review process. 

The Committee is probably also aware of the formation of the As- 
tronomy and Astrophysics Advisory Committee. This is after the 
study that was done on possibly combining astronomical research 
at NSF and NASA and the purpose of this Committee is to advise 
both NSF and NASA and to some extent DOE on areas of common 
interest and cooperation. And in this recent March 15 report, the 
first report that this Joint Advisory Committee made, they under- 
scored along with a number of other issues the number and nature 
of Near Earth Objects as an important and fundamental question 
to be investigated over the coming decade. 

We support a wide range of individual investigator grants and 
operations at Arecibo, the National Astronomical and Ionospheric 
Center, in particular the Planetary Radar Program there, and 
these investigations look at the nature of Near Earth Objects and 
I’ve given a few examples of those investigations in the written tes- 
timony. 

In general, they concentrate on the internal structure and origin 
of the objects whether they’re binary in nature. If they are binary 
or multiple in nature, how that came to be and for some of the 
brighter ones, with more modern instrumentation or even capable 
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of doing some rather detailed mineralogical analysis of the actual 
composition of the objects themselves. 

We’ve seen an increasing interest in this area in the scientific 
community through the proposals presented to us over about the 
past 2 to 3 years and are making choices of which areas to support 
through our normal merit review of the proposals. 

Looking to the future. I detailed in the statement the results of 
the NASA study which was reported out in late 2002, I believe, 
which outlines the current status of the Space Guard Program 
which I’m sure Lindley will talk about in much more detail and 
recommends next steps. 

Very briefly, this treats the post-2008 period and in its conclu- 
sions urges that a catalogue of objects larger than 140 meters in 
diameter, so considerably larger than the one that passed by us a 
few weeks ago, be completed which would give a complete census 
at about the 90 percent certainty level. 

The study estimates that the same approaches would provide 60 
to 90 percent uncertainty — or 60/90 percent completion for objects 
larger than 50 meters. An object of this size would provide quite 
a large air burst but not anything like a dinosaur extinction event. 

The study sets out several approaches both ground and space 
based to consider in reaching the above goal and it gives a cost and 
benefit analysis. So we think it provides a rather solid basis for 
looking at how to go forward in the future. 

In that regard, our plans at NSF we are considering building on 
that NASA study and charging a Subcommittee of our Joint As- 
tronomy and Astrophysics Advisory Committee with looking at an 
appropriate effort following on the Space Guard effort that would 
span both agencies and in particular for NSF how we would in- 
crease our ground based effort in this area. 

We would foresee that it would certainly involve an increase in 
the support of individual investigator efforts looking into the na- 
ture and origin of the object themselves provided that our commu- 
nity interests and the proposal quality warrants it. 

It would also however I think look at what’s being proposed and 
highly rated in three of the National Research Council and the De- 
partment of Defense looking at trade studies and relative merit of 
these two possible instrumentation efforts for contributions to the 
future of the detection effort. And in particular there are estimates 
that the LSST and possibly Pan-STARRS could indeed respond to 
the challenge of cataloguing all of the 140 meter diameter or larger 
asteroids within seven to twenty years. 

In conclusion, we’re pursuing a significant amount of basic re- 
search in this area and we are laying plans for new facilities and 
expanded research activity that speak to many of the basic ques- 
tions about the objects themselves and are confident that the body 
of knowledge that we gain by this effort will have important appli- 
cation to any eventual risk mitigation effort. 

Again, I thank you for the opportunity to appear and we’d be 
happy to respond to any questions. 

[The prepared statement of Dr. Van Citters follows:] 
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Prepared Statement of G.W. Van Citters, Director, Division of Astronomical 
Sciences, National Science Foundation 

Chairman Brownback, Ranking Member Breaux, and distinguished members of 
the Subcommittee. Thank you for the opportunity to present the position of the Na- 
tional Science Foundation on the important subject of Near Earth Objects. In re- 
sponding to the questions that the Committee has presented to us, I will present 
a picture of NSF’s support of research into the nature and origin of these objects, 
as well as potential important contributions that NSF-supported instrumentation 
and techniques could make to an expanded discovery and characterization effort. 

Background and Context 

The Division of Astronomical Sciences supports basic research in astronomy cov- 
ering a very wide range of subjects — from studies of objects in our own solar system 
to investigations of the beginning of the universe, including the very nature of mat- 
ter and energy. In planning and conducting its programs, the Division benefits from 
the advice of the scientific community in many ways, including the recently estab- 
lished Astronomy and Astrophysics Advisory Committee (AAAC, jointly advising 
NSF, NASA, and DOE). The establishment of the AAAC recognizes the value of an 
integrated strategy to address national efforts to answer questions about our ori^ns 
and our future. The number and nature of NEOs are clearly fundamental questions 
about both our origins and our future. In their March 15, 2004 report the AAAC 
recommended a coordinated implementation effort to ensure timely development of 
the Large Synoptic Survey Telescope, calling it a key facility for the detection of po- 
tentially hazardous earth-intersecting objects as small as 300 meters. 

Current Activity 

A number of awardees in our Planetary Astronomy Program are investigating 
Near Earth Objects (NEOs). The proposals funded by our program are determined 
by the interest of the research community, as reflected in the number and subject 
matter of proposals that we receive, and the results of our merit review of these 
proposals. 

As one example. Dr. Derek Richardson at the University of Maryland will be mod- 
eling the tidal disruption of near Earth asteroids (NEAs) by the Earth’s gravita- 
tional field to determine the frequency of binary NEA formation and the typical 
characteristics of the resulting binary asteroids. The results from this research will 
give insight into the internal structure of NEAs and may have implications for haz- 
ard mitigation strategies. 

In another effort, Richard Binzel at MIT will measure the near-infrared spectral 
properties of 40-60 NEOs per year. The observations will balance measurements 
that push the state-of-the-art limits of the technology for the smallest and faintest 
objects and measurements that provide sufficient detail for detailed mineralogical 
analysis. 

Research in this area also represents a substantial fraction of the use of the Are- 
cibo planetary radar system, characterizing sizes, shapes, rotation rates, and con- 
figurations (single or binary, e.g.). The smallest system yet observed (a binary of 
120m and -40 m diameter components) was discovered in 2003. Measurements from 
a combination of Arecibo and NASA’s Goldstone antenna from 1991 through 2003 
demonstrated the existence of the Yarkovsky effect. This effect is an acceleration of 
the body related to the time delay between the absorption of solar radiation and the 
re-emission in the infrared. The observations clearly indicated that the acceleration 
must be included in orbit predictions. 

We have observed that the number of proposals to investigate NEOs has been in- 
creasing annually for the last few years. Of the proposals we receive on this topic, 
those that do best in our merit review competition are those proposing to charac- 
terize the physical properties of the objects. What are they made of? How were they 
formed and when? 

I believe NSF is currently playing the role for which it is best suited. It is funding 
individual investigators to further our understanding of the physical make-up of 
NEOs. The proposals for these investigations are subject to our normal merit re- 
view, thus insuring high quality basic research on these objects. In addition, it pro- 
vides access to tools such as Arecibo that can enhance the discovery process. 

Looking to the Future 

In recent years, there has been an increasing appreciation for the hazards posed 
by near-Earth objects, those asteroids and periodic comets (both active and inactive) 
whose motions can bring them into the Earth’s neighborhood. In August of 2002, 
our colleagues at NASA chartered a Science Definition Team to study the feasibility 
of extending the search for near-Earth objects to smaller limiting diameters. The 
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formation of the team was motivated by the good progress being made toward 
achieving the Spaceguard goal of discovering 90 percent of all NEOs with diameters 
greater than 1 km by the end of 2008. This raised the question of what, if anything, 
should be done with respect to the much more numerous smaller, but still poten- 
tially dangerous, objects. The team was tasked with providing recommendations to 
NASA as well as the answers to seven specific questions. We believe that the an- 
swers to these questions could form a solid basis for the direction of our research 
efforts and for more detailed studies of the best integrated strategy to carry on at 
the end of Spaceguard in 2008. 

What are the smallest objects for which the search should be optimized? The 
Team recommends that the search system be constructed to produce a catalog 
that is 90 percent complete for potentially hazardous objects (PHOs) larger than 
140 meters. 

Should comets be included in any way in the survey? The Team’s analysis indi- 
cates that the frequency with which long-period comets (of any size) closely ap- 
proach the Earth is roughly one-hundredth the frequency with which asteroids 
closely approach the Earth and that the fraction of the total risk represented 
by comets is approximately 1 percent. The relatively small risk fraction, com- 
bined with the difficulty of generating a catalog of comets, leads the Team to 
the conclusion that, at least for the next generation of NEO surveys, the limited 
resources available for near-Earth object searches would be better spent on find- 
ing and cataloging Earth-threatening, near-Earth asteroids and short-period 
comets. A NEO search system would naturally provide an advance warning of 
at least months for most threatening long-period comets. 

What is technically possible? Current technology offers asteroid detection and 
cataloging capabilities several orders of magnitude better than the presently op- 
erating systems. This report outlines a variety of search system examples, span- 
ning a factor of about 100 in search discovery rate, all of which are possible 
using current technology. Some of these systems, when operated over a period 
of 7-20 years, would generate a catalog that is 90 percent complete for NEOs 
larger than 140 meters. 

How would the expanded search be done? From a cost/benefit point-of-view, the 
report concludes that there are a number of attractive options for executing an 
expanded search that would vastly reduce the risk posed by potentially haz- 
ardous object impacts. The Team identified a series of specific ground-based, 
space-based and mixed ground-and space-based systems that could accomplish 
the next generation search. The choice of specific systems would depend on the 
time allowed for the search and the resources available. 

What would it cost? For a search period no longer than 20 years, the Team iden- 
tified several systems that they felt would eliminate, at varying rates, 90 per- 
cent of the risk for sub-kilometer NEOs, with costs they estimate to range be- 
tween $236 million and $397 million for both ground and space components. 
They conclude that all of these systems have risk reduction benefits which 
greatly exceed the costs of system acquisition and operation. 

How long would the search take? The Team concludes that a period of 7-20 
years is sufficient to generate a catalog 90 percent complete to 140-meter di- 
ameter, which will eliminate 90 percent of the risk for sub-kilometer NEOs. The 
specific interval would depend on the choice of search technology and the invest- 
ment allocated. 

Is there a transition size above which one catalogs all the objects, and below 
which the design is simply to provide warning? The Team concluded that, given 
sufficient time and resources, a search system could be constructed to com- 
pletely catalog hazardous objects with sizes down to the limit where air blasts 
would be expected (about 50 meters in diameter). Below this limit, there is rel- 
atively little direct damage caused by the object. Over the 7-20 year interval 
(starting in 2008) during which the next generation search would be under- 
taken, the Team suggests that cataloging is the preferred approach down to ap- 
proximately the 140-meter diameter level and that the search systems would 
naturally provide an impact warning of 60-90 percent for objects as small as 
those capable of producing significant air blasts. 

The path from where we are today to where we should be in 2014 is not defined 
in the conclusions of the study that NASA sponsored. Clear goals are defined; how 
one might reach them is wisely left to the scientific and technical community. At 
the national level, we must now examine these goals in detail, validate the conclu- 
sions, and determine how they might best be achieved. 
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NSF Plans for the Future 

We are considering asking the AAAC to form a subcommittee to advise on the ef- 
fort that would be appropriate beyond Spaceguard. Broadly based in the scientific 
and technical community, this subcommittee would consider the conclusions of re- 
cent studies, extract necessary research directions that would help us better under- 
stand the origin and nature of the objects known to date and help to chart the most 
productive course into the future. By the very nature of the charge to the AAAC, 
this would be an integrated look at the ground-based and space-based efforts that 
would make the most effective scientific advances in this area. 

Of particular interest to NSF would be the expansion of the individual investi- 
gator-driven basic research that we currently support, and a more detailed under- 
standing of how such projects as the Large Synoptic Survey Telescope (LSST) and 
Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) might best 
contribute to the discovery and characterization effort in the future. 

The LSST is a proposed single 8.4meter aperture, very wide field telescope capa- 
ble of surveying the entire sky visible from one hemisphere every two weeks. It has 
a variety of science drivers including the characterization of dark matter and dark 
energy, the discovery of many classes of transient objects such as supernovae and 
gamma-ray burst counterparts, and NEOs. 

Pan-STARRS, an Air Force funded project under construction in Hawaii, will be 
composed of 4 individual telescopes of l.Smeter aperture observing the same region 
of sky simultaneously. In survey mode, i.e., searching for NEOs, Pan-STARRS will 
cover 6,000 square degrees per night. The whole available sky as seen from Hawaii 
will be observed 3 times during the dark time in each lunation. 

The LSST’s ability to make fast, wide, and faint observations may make it unique- 
ly suited to detecting small NEOs. A model LSST survey covering 9,000 square de- 
grees of sky along the ecliptic, three or four times a month, to a limiting V mag- 
nitude of 24.0, achieved a ten-year completeness of about 90 percent for NEOs larg- 
er than 250 m, and about 80 percent for NEOs down to 140 m as called for by the 
NASA study. The requirements placed on the telescope, telescope operations, data 
system and detectors by the NEO detection challenge are considerable. 

By reaching objects 100 times fainter than those currently observed in the NEO 
surveys, Pan-STARRS is being designed to help complete the Congressional man- 
date to find and determine orbits for the 1-km (and larger) threatening NEOs. Fur- 
ther, it should push the detection limit for a complete (99 percent) sample down to 
objects as small as 300-meters in diameter. 

Design studies over the next several years will be needed to determine the strat- 
egy for attacking the NEO problem and whether it is best carried out with a single 
telescope like the LSST or whether an array of smaller telescopes such as Pan- 
STARRS is more appropriate for this particular problem. NSF’s Division of Astro- 
nomical Sciences has begun planning for such studies and we have been actively 
joined by our colleagues at NASA, who will contribute their knowledge and experi- 
ence in the handling of large data bases and archives. 

Conclusion 

In conclusion, Mr. Chairman, NSF is already pursuing a significant amount of 
basic research in this important area. We are guided, as always, by the scientific 
community through our merit review process. We are laying plans for new facilities 
and expanded research activity that speak to many basic questions about the nature 
and origin of these objects, and are confident that the body of knowledge so gained 
will have important application to any eventual risk-mitigation effort. 

Again I thank you for the opportunity to appear and would be happy to respond 
to any questions. 


STATEMENT OF DR. LINDLEY N. JOHNSON, PROGRAM 

SCIENTIST, NEAR EARTH OBJECT OBSERVATION PROGRAM, 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Dr. Johnson. Thank you, Mr. Chairman, for the opportunity to 
present to the Subcommittee information on this important subject 
on NEOs. 

At the request of Congress, NASA conducts the NEO observation 
program to research the population of the larger asteroids and peri- 
odic comets that pass relatively close to the Earth and may one day 
pose a collision hazard with our planet. Our NEO program has 
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been quite successful in finding these larger objects in the first 5 
years of its effort. 

In the effort to gain a better understanding of this hazard, 
NASA’s Office of Space Science has been conducting a search of 
space near the Earth’s orbit to understand the population of objects 
that could do significant damage to the planet should there be a 
collision. 

Commonly referred to as a “Space Guard Survey,” this research 
seeks those asteroids and periodic comets that come within an as- 
tronomically close 50 million kilometers of the Earth. The objective 
of this survey is to detect within a 10-year period at least 90 per- 
cent of the NEOs that are greater than one kilometer in size and 
predict their orbits into the future. 

Currently, slightly over 4 million per year is budgeted for the 
program. This funds modest search efforts, typically using refur- 
bished ground based telescopes of about one meter aperture and 
wide field of view coupled with digital imaging in order to cover 
significant portions of the sky each month. 

Presently 5 NEC search projects are either wholly or largely 
funded with this resource. Also important to the effort is the obser- 
vation correlation and initial orbit determination done by the 
Minor Planet Center which is operated by the Smithsonian Astro- 
physical Observatory and the High Accuracy Orbit Propagation and 
Project Coordination done by NASA’s NEO Project Office at the Jet 
Propulsion Lab. 

The chart you’ve been handed summarizes the progress to date 
in finding the Near Earth Asteroids or NEAs greater than one kilo- 
meter in size. The program continues to make steady progress 
since it started in 1998 to the goal of finding at least 90 percent 
of these NEOs. As of the end of March, 514 of the 702 known NEAs 
determined to be larger than one kilometer have been found by the 
program out of an estimated total population of about 1,100. 

We have also found 11 of 49 known Earth approaching comets. 
In addition, 1,866 of the 2,032 known Near Earth Asteroids of 
smaller size have been found. Because the projects are always re- 
fining the detection techniques, the discovery of smaller objects is 
becoming more frequent. 

None of these objects found to date are on impact trajectories 
with the Earth in the next 100 years. 

The results of the recent study by the Science Definition Team 
which Dr. Van Citters referred to which was commissioned by my 
office and you’ll hear more about it from Grant Stokes, will show 
that it is entirely appropriate that we search for the larger NEOs 
first, because all factors considered, that is where the greatest risk 
from an undetected asteroid on an impact trajectory lies. This is 
principally due to the worldwide devastation it would cause. It is 
orders of magnitude above what a smaller few hundred meter sized 
impact would create and could well disrupt human civilization for 
decades after an impact. 

Completion of the current effort to find these large objects will 
do much to reduce this uncertain risk and find the objects many 
decades before any impact threat. But until the total population of 
these objects is known, there is always the chance that an object 
bound for a near term impact maybe discovered similar to the real 
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life scenario which unfolded 10 years ago, when comet Shoemaker- 
Levy 9, was discovered only in March 1993 inbound for a July 1994 
impact on Jupiter. 

It should be understood that the NEO Observation Program is 
merely a science survey and does not provide a leakproof warning 
network for impact of any size natural object large or small. Such 
a comprehensive network would require an order of magnitude in- 
crease in our funding and the cooperative efforts of several govern- 
ment departments and agencies like with NSF. 

Operational experience with the current system shows that for 
every one kilometer of greater size asteroid found, there are three 
to four smaller size asteroids also discovered. 

But the true ratio of the small to larger asteroids is thought to 
be over 100 to one. Because of the limitations of the current search 
systems, the discovery of smaller asteroids is only possible in a sig- 
nificantly smaller volume around the Earth. If our sensors can de- 
tect a one kilometer sized asteroid at 50 million kilometers, they 
can also see a 100 meter asteroid, but at perhaps only half a mil- 
lion kilometers or a little beyond the moon’s orbit. 

But at planetary orbital velocities, if the object is on impact tra- 
jectory of the Earth, it would cover even this distance in less than 
a day. 

Thus, the detection of a relatively small asteroid on a destiny 
with Earth could also come with relatively short reaction time. The 
impact of a 100 meter asteroid on Earth could do significant dam- 
age at the surface as this is estimated to result in an approxi- 
mately a 50 megaton energy release at or perhaps slightly above 
the surface. This will result in much loss of life if the impact were 
in a populated area. 

It is therefore prudent that we begin to put into place contin- 
gency plans such as an internal NASA notification plan we are 
drafting to deal with such a relatively unlikely but extremely high 
consequence event. 

Thank you for the opportunity to speak at this hearing and I’d 
be happy to respond to any questions you have. 

[The prepared statement of Dr. Johnson follows:] 

Prepared Statement of Lindley N. Johnson, Program Scientist, Near Earth 

Object Observation Program, National Aeronautics and Space 

Administration 

Thank you, Mr. Chairman, for the opportunity to present to the subcommittee in- 
formation on the important subject of Near Earth Objects. At the request of Con- 
gress, NASA conducts the Near Earth Object (NEO) Observation Program to dis- 
cover the larger sized asteroids (greater than 1 kilometer or 0.62 miles in size) and 
periodic comets that pass relatively close to the Earth and may one day pose a colli- 
sion hazard with our planet. Our NEO program has been quite successful in finding 
these larger objects in the first five years of the effort. 

Background 

The Earth orbits about the Sun in a cloud of planetary debris still left from the 
formation of the Solar System. This debris ranges from micron-sized dust particles, 
to meteoroids at sand grain to a few meters in size, and to asteroids and comets 
that are tens of meters to several kilometers in dimension. Collision with meter- 
sized meteoroids is almost a weekly event for the Earth, but the surface is well pro- 
tected from these common events by its atmosphere, which will cause objects less 
than about 50 meters in size and of average density to disintegrate harmlessly be- 
fore reaching the ground. However, even the relatively active surface of the Earth 
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still bears scars of impacts from space, with 168 craters worldwide — some up to 300 
kilometers in size — having been identified to date. 

Though collisions with larger bodies are much less frequent now than in the early 
stages of planet formation in the Solar System, they do still occur. Very significant 
events, capable of causing damage at the surface, will happen on scales of a few 
hundred to a thousand years. But we do not know when the next impact of an object 
of sufficient size to cause widespread devastation at ground level may occur. At the 
current state of knowledge, it is about as likely to happen next week as in a ran- 
domly selected week a thousand years from now. 

The Survey 

In an effort to gain better understanding of this hazard, NASA has been con- 
ducting a search of space near the Earth’s orbit to understand the population of ob- 
jects that could do significant damage to the planet should there be a collision. Com- 
monly referred to as the “Spaceguard Survey”, NASA’s Office of Space Science con- 
ducts this research effort on “Near Earth Objects (NEOs)” — that is, asteroids and 
comets that come within an astronomically close distance, <50 million kilometers of 
Earth. The objective of this survey is to detect, within a 10-year period, at least 90 
percent of the NEOs that are greater than 1 kilometer in size and to predict their 
orbits into the future. The survey officially started in 1998 and to date, over 700 
objects of an estimated population of about 1100 have been discovered, so the effort 
is believed to now be over 70 percent complete and well on the way to meeting its 
objective by 2008. 

A few words of explanation on the parameters and limitations of the survey may 
be appropriate. The threshold of 1 kilometer in size was accepted for this survey 
because it is about the size asteroid that current research shows would border on 
having a devastating worldwide effect should an impact occur. Because of the orbital 
velocities involved, impact on Earth of an asteroid of this size would instantly re- 
lease energies calculated to be equivalent to the detonation of almost a 100,000 meg- 
aton nuclear device, i.e., more than all the world’s nuclear arsenals detonated at the 
same time. Not only would the continent or ocean where the impact occurs be ut- 
terly devastated, but the effects of the super-heated fragments of Earth’s crust and 
water vapor thrown into the atmosphere and around the world would adversely af- 
fect the global weather for months to years after the event. Such an event could well 
disrupt Human civilization anywhere from decades to a century after an impact. 

A goal of 90 percent completeness was adopted as a compromise driven between 
the level of resources that could be dedicated to this effort and the time period prac- 
tical to conduct the survey at this level of technical capability. Currently, slightly 
over $4M per year is budgeted to the NEO Observation Program within the Solar 
System Exploration Division’s Supporting Research and Analysis Program. This 
funds modest search efforts, typically using refurbished, ground-based telescopes of 
about 1-meter aperture and wide-field-of-view, coupled with digital imaging in order 
to cover significant portions of the sky eacH month. Presently, five NEO search 
projects are either wholly or largely funded with this level of resource, along with 
significant support to central processing of observations, orbit determination and 
analysis. These five search projects are: 


Project Name 


Institute 


Principal Investigator 


Lincoln Near Earth Asteroid Research (LINEAR) 

MIT/Lincoln Laboratory, MA 

Near Earth Asteroid Tracking (NEAT) 

Jet Propulsion Laboratory, CA 
Lowell Observatory Near Earth Object Search (LONEOS) 

Lowell Observatory, AZ 

Catalina Sky Survey LPL, University of Arizona 

Spacewatch LPL, University of Arizona 


Dr. Grant Stokes 

Dr. Ray Bambery 

Dr. Edward Bowell 
Mr. Steve Larson 
Dr. Robert McMillan 


Both the LINEAR and NEAT projects operate using optical telescope facilities 
owned and supported by research components of the U.S. Air Force. This represents 
that service’s entire contribution to tHe search effort, but utilization and direction 
of these assets must be coordinated with the cognizant Air Force Material Command 
offices. The Spacewatch Project also receives some modest private funding. 

Ten years was considered a reasonable amount of time for this level of effort to 
bring the overall large asteroid population known to 90 percent completeness. No 
level of effort could ever be assured of achieving absolute 100 percent completeness, 
because of the vast difficulty in searching all possible orbit regimes and sources for 
generation of new NEOs. It should also be understood that the NEO Observation 
Program is merely a science survey and does not have the resources to provide a 
“leak-proof’ warning network for impact of any size natural object, large or small. 
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Such a comprehensive network would require an order of magnitude increase in 
funding and could require the cooperative efforts of several government departments 
and agencies. 

Progress of the Program 

The NEO Observation Program continues to make steady progress toward the 
goal of finding at least 90 percent of the large NEO population. As of the end of 
March 2004, 513 of the 750 known NEOs (including 49 Earth-approaching comets) 
determined to be larger than 1 kilometer in size have been found by the program, 
of an estimated total population of about 1100. In addition, the program found 1862 
of 2032 known Near Earth Asteroids (NEAs) of smaller sizes. The MIT/Lincoln 
Labs-led LINEAR project continues to be the leading search team, having found 40 
large NEOs in 20()3 along with 196 smaller objects. Significant contributions con- 
tinue to be made by JPL’s NEAT team (10 large and 58 smaller objects in the last 
year), Lowell Observatory’s LONEOS project (10 and 44), and the University of Ari- 
zona’s Spacewatch project (2 and 54). The Lunar and Planetary Laboratory Catalina 
Sky Survey has gotten back on line in the last few months of the year after an 
imager upgrade, obtaining 8 discoveries, 2 of them larger than 1 km. 

The chart below summarizes the progress to date on finding the NEAs greater 
than 1 kilometer in size. A noticeable increase in the discovery rate occurs after the 
NEO Observation Program started in 1998. 

Budget. The FY 2004 budget for this program is $4,062K, a 2.8 percent increase 
to the previous year. 

Known Kilometer-Size Near-Earth Asteroids 



Year 14 December 2003 

Abn B CtcmiberLntiPL) 


Current Survey Operations 

Detection. The NEO Observation Program wholly funds the operations of four 
search projects and partially funds another. Routine operation of these assets is 
highly automated, in order to maximize the sky coverage obtained each month. 
Ground-based telescopes can only effectively operate at night during the two to 
three weeks of the month opposite the full moon, due to the sky brightness it 
causes, and when weather (cloud cover) permits accessible clear sky. Telescope 
movement, pointing, and imaging operations are all computer controlled via pre- 
scripted software routines to optimize sky coverage and therefore meiximize object 
detections. 
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The images taken each night are then post-processed to detect moving objects rel- 
ative to the star background and obtain accurate measurements, called “observa- 
tions”, of any detected object’s motion relative to the star background (a process 
called “astrometrics”). A group of these observations, usually a set taken from three 
to five images of the same patch of sky at slightly different times each night, is 
called a “track”. These show the relative motion of an object, which can then be ana- 
lyzed with other observations of the same object to determine its orbit. These obser- 
vation tracks are then formatted for bulk telecommunications to the Minor Planet 
Center. On a productive night, a search project may extract hundreds of observa- 
tions on moving objects from its imaging data, most of which will be on Main Belt 
Asteroids and only a small fraction, perhaps one or two if lucky, will be determined 
to be NEOs. The search teams also routinely find comets in their collected images. 

The Minor Planet Center. All observations thought to be natural small bodies (as- 
teroids, comets and now Kuiper Belt Objects in the outer Solar System) are sent 
to the Minor Planet Center (MPC), operated by the Smithsonian Astrophysical Ob- 
servatory at Cambridge, Massachusetts, under the direction of Dr Brian Marsden. 
The MPC is internationally recognized and officially chartered by the International 
Astronomical Union to confirm the discovery of new objects in the Solar System and 
confer their official designations. A modest amount of NASA funding is sent to the 
MPC to support their work in confirming NEC detections. 

The MPC receives observations from around the world, with a significant percent- 
age coming from an informal international network of amateur asteroid hunters. 
The orbital analyst at MPC attempts to correlate them with the positions of tens 
of thousands of already known objects. Failing that, the MPC will provisionally des- 
ignate the observations as a possible new object, determine an “initial” orbit for it, 
and place it on a list for objects awaiting “confirmation”. This list of provisional ob- 
jects, along with their predicted current positions, is available via the MPC website 
for the community of observers to use in attempts to obtain additional “follow-up” 
observations to confirm the existence and orbit parameters of a new object. 

The observation processing at the MPC is highly automated, as it must be with 
a staff of only three to four analysts operating with a very limited budget. However, 
initial orbit determination often requires some analyst’s massaging of the orbit fit 
to obtain the lowest residuals across what may be observations with some inherent 
errors. Because individual search sites can only do the roughest of orbit calculations 
based on their own limited data, the MPC is, in most cases, the first place where 
it will be known if a newly found object poses an impact hazard to the Earth. Often 
a family of possible orbits is initially obtained which must be narrowed with addi- 
tional observations. For newly found NEOs, the MPC solicits additional observations 
from the community via a web-based “NEO Confirmation Page”, and in the most 
critical cases, via phone calls to known observers in whatever part of the world is 
most likely to have the earliest accessibility to viewing the object. 

Follow-up Observations. Additional observations, either obtained by another ob- 
server later the same night or on a subsequent night, even by the same facility that 
first discovers an object, are essential to confirming the objects existence and devel- 
oping a more accurate orbit for the object. For the most accurate orbit, it is best 
for the observations to be obtained several days to a week or more after the initial 
set in order to obtain a longer observed “arc” of the orbit and, therefore, a broader 
fit of observation data. However, for NEOs, the time allowed to elapse must be trad- 
ed off between obtaining a broader arc and getting an orbit established before the 
object is lost, either because the initial orbit was too far in error, or, more likely, 
the object is so small that it simply cannot be seen after only a few days of its clos- 
est approach to Earth. 

The informal network of amateur astronomers does much of the follow-up obser- 
vation work today. However, the search for NEOs is beginning to enter an era when 
the objects being detected are simply too faint to be seen by the equipment afford- 
able to most amateurs. Therefore, in the future, search systems must ensure they 
have enough survey capacity available to do their own follow-up on new objects in 
a timely manner. 

High-accuracy Orbit Determination. The best orbit determination requires enough 
observations spread over a sufficient arc of the orbit to provide the best resolution 
of motion for the object and reduce the influence of subsets of data with may have 
some components of error. Again, getting the best results can be somewhat of an 
art form, but the best orbital modeling for this reside with the NEO Program Office 
established by NASA at the Jet Propulsion Laboratory in Pasadena, California, and 
managed by Dr. Donald Yeomans. This office also supports the orbit determination 
and navigation for NASA’s interplanetary missions to asteroids, comets, and moons 
of other planets. Its NEO work is fully funded by NASA, and the high-accuracy orbit 
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determination capability is nicely complementary to the MFC’s observation proc- 
essing and initial orbit determination abilities. 

The NEO Program Office is able to use its orbital modeling capability to predict 
the position of any known NEO up to 200 years into the future, taking into account 
all the known gravitational influences and orbital perturbations of the Sun, planets, 
and moons in the Solar System. This can be done with a very high degree of preci- 
sion for asteroids that have been tracked for extended periods, particularly multiple 
orbits, or for which high-precision observations have been taken by planetary radar. 
High-precision radar observations can greatly reduce the position and motion errors 
for the subset of objects that come close enough to the Earth to allow its use. 

High-precision prediction of newly discovered NEO orbits allows them to be sepa- 
ratee! into those whose orbits will not be a collision hazard to Earth for the foresee- 
able future and those which are in orbits that pass close enough to Earth’s that they 
may someday pose a hazard. These “Potentially Hazardous Asteroids (PHAs)” are 
about a 20 percent subset of all NEOs found. Of course, known and unknown errors 
in the NEO’s orbital parameters can propagate out to significant uncertainty in the 
position when predictions are done decades into the future. Therefore, periodic ob- 
servation of known objects, especially those known to be in potentially hazardous 
orbits, must be done to update the last known position and reduce the orbit errors. 

Low Probability, High Consequence Events on Short Timelines 

A central premise of the current survey effort is that in the relatively short 10- 
year period, the search teams would be able to find almost all asteroids of greater 
than 1 kilometer dimension that might pose a threat of impact — many years to mul- 
tiple decades before any such event. It could perhaps even provide many centuries 
advanced notice, since this level of event is thought to happen only once or twice 
in a million years. Hypothetically, this would allow ample time to develop the tech- 
niques and technologies that may be required to deflect or mitigate a predicted dis- 
aster. But until the total population of these objects is known, there is always a 
chance that an object bound for a nearer term impact may be discovered, similar 
to the real-life scenario which unfolded when Comet Shoemaker-Levy 9 was discov- 
ered in March 1993 inbound for a July 1994 impact on Jupiter. 

The results of a recent study by a Science Definition Team commissioned by 
NASA’s Solar System Exploration Division show that it is entirely appropriate that 
we search for the larger NEOs first because, all factors considered, that is where 
the greatest risk for an undetected asteroid on an impact trajectory lies, principally 
due to the widespread devastation it would cause. It is orders of magnitude above 
what smaller, sub-kilometer sized impactors would produce. Completion of the cur- 
rent effort to find these large objects will do much to reduce the uncertain risk of 
which we have now become aware. 

But more frequent would be the discovery of a relatively small asteroid on a po- 
tential impact trajectory with Earth, as this occurs more often. Since the optical 
sensors used in the survey detect the brightness of the object against the sky back- 
ground, which can only be approximately related to an asteroid’s size based on as- 
sumed reflectivity of light, the search systems are as capable of finding smaller as- 
teroids at closer range as larger objects much farther away. They are designed to 
detect 1 kilometer sized asteroids at least 50 million kilometers distant but can also 
detect an asteroid a dozen meters in size within the Moon’s distance from Earth. 

Operational experience with the current systems shows that for every 1-kilometer 
or greater sized asteroid found, there are three to four smaller sized asteroids also 
discovered. But the true ratio of smaller asteroids, say 100-meter or larger objects 
to 1-kilometer or larger objects, is thought to be closer to 100 to 1. Because of the 
limitations of the search systems, the discovery of smaller asteroids is in a signifi- 
cantly smaller volume about the Earth — an object one tenth the size of another 
must be about hundred times closer to be seen by the sensor, assuming equal reflec- 
tivity of their surfaces. If the sensor can detect a 1 kilometer sized asteroid at 50 
million kilometers, it should theoretically also see a 100-meter asteroid at 500,000 
kilometers. 

However, at planetary relative orbital velocities, if the object is on collision course 
with the Earth, it may cover even this distance in less than one day. Thus the detec- 
tion of a relatively small asteroid on a collision trajectory with Earth could also 
come with a relatively short reaction time. A 100 meter asteroid on direct collision 
with Earth could do significant damage at the surface as this is estimated to result 
in an approximately 50 megaton energy release at or perhaps slightly above the sur- 
face. This would result in much loss of life if the impact were in a populated area. 
It is therefore prudent that we begin to put in place some contingency plans, such 
as an internal NASA notification plan we are drafting, to deal with such a relatively 
unlikely but extremely high-consequence event. 
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Again I thank you for the opportunity to appear and would be happy to respond 
to any questions. 

Senator Brownback. Thank you, gentlemen. I’m sorry that As- 
tronaut Nelson had to leave, but he submitted a series of questions 
for the record that I would like to submit to you gentlemen if you 
could get back to him in a timely time, I would appreciate you 
doing that and I’ll put that into the record. 

As you look at that, what are the chances of Earth being hit by 
a substantial near earth target? I put forward the chance is the 
same as being involved in an airliner crash. Is that an accurate as- 
sessment? Do you think that’s inaccurate? Or where would you 
place it? 

Dr. Johnson. From the studies that we’ve had, yes, that is about 
the probability that is equivalent to about a million to one — a mil- 
lion — or one in 500,000 somewhere in that range. 

Senator Brownback. We’re talking about a substantial size ob- 
ject. What would you categorize as a substantial size object to hit 
us in that chance range? 

Dr. Johnson. Anything that’s large enough to make it through 
the atmosphere, anything larger than 80 meters or 200 feet in size. 

Senator Brownback. I was looking at your chart and you’re say- 
ing that we’re catching right about 700, that we’ve got categorized 
and you’ve placed the estimated total at around 1,100, is that cor- 
rect? 

Dr. Johnson. Yes. That’s based upon the distribution that we’ve 
seen to date. We’ve actually lowered that estimate through the 
course of the program by about 40 percent. We were thinking the 
overall population was about 2,000, but what we’ve seen so far, we 
think that population is somewhat less than the original estimates 
and it’s about 1,100 plus or minus 100 or so, the large one kilo- 
meter size. 

Senator Brownback. OK, these are the large one kilometer size, 
right? And I thought you said there was 100 to one ratio of the 
large to the small. 

Dr. Johnson. Yes. We believe it’s kind of a power law of the 
numbers. As you get smaller, you know, a 100 to one ratio of 
sizes 

Senator Brownback. You’re not worried about their impact on 
the Earth should they hit, the smaller ones. Is that correct? 

Dr. Johnson. No. We are worried about it. Until you get down 
to a size that Earth’s atmosphere will dissipate, and that’s down 
to about 50 meters, you have to worry about damage all the way 
to the surface of the Earth of anything that’s larger than about 50 
meters. 

Senator Brownback. OK. So what I hear you saying and you’ve 
made substantial progress on the one kilometer or larger 

Dr. Johnson. Yes. 

Senator Brownback. — ones, but we’re still somewhere — you 
think there’s 1,100 — you think there’s 400 or so out there that we 
have not found yet. 

Dr. Johnson. Of the large ones, the ones that would do world- 
wide devastation if they were to hit. 
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Senator Brownback. But you’re at 100 to one times of others 
than that could do substantial damage. Depending upon their size 
and we don’t have any idea where they are? 

Dr. Johnson. Right. The original charter of the NEO Observa- 
tion Program was to find the large ones that would have worldwide 
global consequences, but there’s kind of a big elephant out there. 
We’re taking it a bite at a time. 

Senator Brownback. So if you’ve got one that’s half a kilometer 
in size — let’s say what kind of damage could that do? Do you have 
any estimates of what that would be? 

Dr. Johnson. Well, that devastation on the order of the con- 
tinent if it were to hit on land, pretty much the continent that it 
hits would be affected. However, if it were to hit in the ocean the 
ocean wave that would be caused, the tsunami, would probably im- 
pact on both coasts. If it were hit in the Middle Atlantic, both the 
Eastern seaboard of the United States and the European seaboard 
would be affected by a large tsunami of several meters, if not a 100 
meters in height. 

Senator Brownback. And we’re not even tracking those yet? 

Dr. Johnson. No, we’re not tracking those yet. We are finding 
them when they come close to Earth, come close enough to Earth 
for our sensors to see it, but we know that there are a lot more 
out there. 

Senator Brownback. So when you say we’re finding them when 
they come close enough to Earth, how close and how much time do 
we have between when we’re finding them now and when they 
would impact Earth? 

Dr. Johnson. Well, as I said, so far those that we’ve found, none 
of them are on impact trajectories. It all depends on what the orbit 
is. It could be as rapidly as a day or two if it’s on a direct impact, 
or it could be decades or centuries into the future until the orbits 
intersect. 

Senator Brownback. Well, how much — you say we’re finding vir- 
tually all of them now that are coming in close to the Earth. Did 
I understand or did I ask that correctly? 

Dr. Johnson. We’re finding virtually all the large ones that come 
close enough. 

Senator Brownback. Kilometer or larger? 

Dr. Johnson. Yes. 

Senator Brownback. What about those that are a half a kilo- 
meter? 

Dr. Johnson. I would give you no guarantee on what the cov- 
erage is for those. 

Senator Brownback. Of what we’re finding at all? 

Dr. Johnson. Right. What we’re currently using are not designed 
to find the small ones. 

Senator Brownback. Are you comfortable with what we’re doing 
to date on this topic? 

Dr. Johnson. As I said, it’s a pretty big elephant and you’ve got 
to take it a chunk at a time. I’m comfortable that we are finding 
the large ones, but there is a hazard out there still of the small 
ones. 

Senator Brownback. It sounds like to me it’s a large hazard. 

Dr. Johnson. Yes, it is. 
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Senator Brownback. And that we’re not going through that set 
at all? I mean, I understand that there are costs associated with 
this and there’s user resources that you’ve got to do. I trying to as- 
sess what’s the nature of the damage potential? 

Dr. Johnson. I think that’s an accurate assessment. We are find- 
ing the ones that would have global consequence if they were to im- 
pact, but it’s only serendipitously that we find the smaller ones 
that could still do significant damage if they were to impact. 

Senator Brownback. What’s the likelihood, the odds of us being 
hit by a smaller object, say that’s a half a kilometer in size. Do we 
have any projections on the odds of being hit by one of those in the 
next 100 years? 

Dr. Johnson. In the next 100 years, it’d be very, very small. Our 
estimates are that one 500 meters in size or so would impact 
maybe once in 100,000 years. Something like that. But we also be- 
lieve that small ones, those on the order of 100 meters or so, im- 
pact once every few hundred to a thousand years. 

Senator Brownback. What kind of damage could those cause? 

Dr. Johnson. The energy release from a 100 meter object that’s 
of average density would be about 50 megatons at the surface, or 
slightly above the surface of the Earth. That’s larger than any nu- 
clear weapon that we have. 

Senator Brownback. So you’re talking about a catastrophic 
event wherever it occurs? 

Dr. Johnson. The region that it impacts in, yes. 

Senator Brownback. And what are the odds of that taking 
place? 

Dr. Johnson. Well, if on the average it happens once in 1,000 
years that’s your probability. Maybe once in 1,000 years. 

Senator Brownback. Do we know when the last time one of 
these hit the Earth was? 

Dr. Johnson. Well, close to that size was the Tunguska Event 
in 1908. That one was probably slightly smaller somewhere in the 
70 meter range. Something like that. 

Senator Brownback. What was the impact of that event? 

Dr. Johnson. Well, it actually exploded above the Earth’s surface 
probably at five to seven kilometers, but it still devastated several 
hundred square kilometers of forest in Siberia. The over pressure 
just blew the forest down and so if it were to hit in a populated 
area it would be like a nuclear device going off. 

Senator Brownback. And this is an item of 100 meters in size. 
Is that correct? 

Dr. Johnson. That’s correct. 

Senator Brownback. And we don’t have any idea of the quantity 
of those that are out there that might be on some orbital pattern 
toward the Earth? 

Dr. Johnson. We believe they’re in the hundreds of thousands. 

Senator Brownback. Hundreds to thousands? 

Dr. Johnson. Hundreds of thousands. 

Senator Brownback. Hundreds of thousands? 

Dr. Johnson. Objects, yes. 

Senator Brownback. And that those hit the Earth you say once 
every how often? 

Dr. Johnson. Once every thousand years. 
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Senator Brownback. Are we doing enough, Dr. Van Citters? 

Dr. Van Citters. I think we could do a lot more. I think that 
the study that NASA commissioned identified a very reasonable set 
of parameters for future searches to carry on from the one kilo- 
meter on down. We have a little more technology development to 
do in terms of large area detectors and so on, but the ideas that 
our community has presented to us and to Lindley’s program and 
so on and how you might continue from here, I think are very cred- 
ible. 

I think there’s a fair amount of trade study that we need to do 
to look at how one might best carry out an extended search wheth- 
er it’s in one instrument or a series of instruments or if it’s assign- 
ing parts of the search different instruments and so on, but I think 
we could do a better job as I indicated in things like the large Syn- 
optic Survey Telescope will quite naturally in the way they operate, 
catalogue tens of thousands of these objects and provide the kind 
of completeness that the expert committee has put in front of us. 

Senator Brownback. These would be objects of much smaller in 
size than the one kilometer? 

Dr. Van Citters. Yes, this would be we — our sense of the esti- 
mates, and these are of course just estimates, would be that the 
surveys would be complete within — and it depends a little bit on 
how you do them, but it’s somewhere between 7 years and 20 years 
of operation, the surveys would be 90 percent complete down to 140 
meters, which is of course a substantial increase in our knowledge 
of the objects. 

Senator Brownback. Let me ask you on the other side of this, 
just the knowledge we could learn from these Near Earth Objects. 
We’ve got a Scientific American article I think we’ll have some peo- 
ple testifying about, about using these as tugboats for information 
of hooking probes on them, of what we could gain from asteroids. 
Have either of you dealt with that side of this equation or thought? 

Dr. Johnson. Not too much. We do have studies going on what 
we call, “characterization studies,” to find out what these things 
are made of and that would help us to determine what kind of re- 
sources are present on these and so theoretically if there are re- 
sources there that are of benefit to either us on Earth or in the ex- 
ploration of the solar system, one could think of mining operations 
going on on Near Earth Asteroids. 

Senator Brownback. What about using — that we put probes on 
to carry the probe out further into the galaxy. 

Dr. Johnson. Ones that are on the right kinds of orbits that do 
go out into the solar system, potentially that’s an idea. 

Senator Brownback. Dr. Van Citters? 

Dr. Van Citters. There’s certainly a lot of interest in our com- 
munity and indeed in the research that we re funding, because 
these objects are — as you indicated in your opening remarks, left 
over from the formation of the solar system. And so as we cata- 
logue more of them, look at their orbits, where they lie in the solar 
system, we get more spectroscopy to characterize what they’re 
made of, whether they’re binary in nature and so on, we have a 
very good probe of the very early days of our own solar system. And 
add to our knowledge of basic research in that area. 
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I should say too that there are, I think, we concentrate on the 
astronomical aspects of this problem, there are other areas that I 
think are very valid areas of research that would be supported by 
other areas of the Foundation. And as we are talking this after- 
noon, it ran through my mind that we have a very active area, for 
instance, in mathematical sciences, looking at the propagation of 
uncertainty in very complex models. 

And as we go through a study like the one that NASA commis- 
sioned, the uncertainties in the prediction of what the population 
of the asteroids is, what they’re made of, uncertainties in observa- 
tion and so on, propagation of those into an analysis of the risk at 
the end which we must then use as a parameter to size systems 
and so on is a very active area of mathematical research and some- 
thing that would apply there. 

Two, there’s also the evaluation and the public perception of risk. 
You characterized the risk, or tried to draw the parallel between 
the risk of being struck by a large asteroid and riding in an air- 
plane. There are certainly different perceptions among the populace 
of the risk of riding in an airplane versus the risk of riding in a 
car in certain cases. And I think the social sciences are extremely 
interested in how that sort of risk analysis and risk perception 
plays out, particularly in something like this, which is not some- 
thing within our — perhaps should be, but not something within ev- 
eryone s everyday thought process. 

Senator Brownback. That’s very interesting, gentlemen, and I 
appreciate your work. How do you sleep at night. Dr. Johnson, with 
this knowledge? 

Dr. Johnson. I sleep very well at night. But it’s not something 
I worry about on a daily basis, but over time, it’s something we 
need to be concerned with. 

Senator Brownback. That’s what it looks like to me. It’s one of 
those things that we need to know the information for safety pur- 
poses first. Protection is the reason the initial Federal Government 
was created, was to provide for the security of the people. And so 
you’re always out there searching, what’s the security issue. And 
you could say, well, the odds are this or that, but if something hap- 
pens, it’s significant. So you really want to do everything you can. 

And then on the flipside, it seems like there’s some real explo- 
ration and research that could be done if we knew more of just 
what all was out there. There’s a security issue here which is of 
paramount concern. And then there’s a curiosity/research issue 
that seems like a significant benefit if we knew a lot more of what 
all was out there. 

Dr. Johnson. These objects are the building blocks of the plan- 
ets. They’re the building blocks of Earth. So the more we learn 
about these objects, the more that we will learn about the Earth. 

Senator Brownback. Gentlemen, thank you very much. I appre- 
ciate your coming in and I hope everybody listening in sleeps well 
tonight. 

We have a second panel. Dr. Grant Stokes, Associate Head of 
Aerospace Division at MIT in Massachusetts; Dr. Michael Griffin, 
Head of the Space Department at Johns Hopkins University, Ap- 
plied Physics Lab; Mr. Rusty Schweickart, Chairman of the Board, 
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B612 Foundation; and Dr. Ed Lu, President, and NASA Astronaut, 
of the B612 Foundation. 

Gentlemen, I appreciate very much your coming and joining in 
the panel and discussion today on Near Earth Objects. All of your 
written statements will be placed into the record. Dr. Stokes, we’ll 
start with you and then we’ll proceed down the list as I announced 
it. 

Welcome to the Committee. You might pull that microphone up 
kind of close to you. It’s fairly directional. 

STATEMENT OF DR. GRANT H. STOKES, CHAIRMAN, NEAR 

EARTH OBJECT SCIENCE DEFINITION TEAM, MIT LINCOLN 

LABORATORY 

Dr. Stokes. All right. Thank you, Mr. Chairman, for the oppor- 
tunity to present to the Subcommittee information on NEOs this 
afternoon. I’m here to represent the findings of the Near Earth Ob- 
ject Science Definition Team, which I led recently for NASA. And 
you’ve heard a little bit from the previous folks about that. 

The team was tasked to address a series of specific questions in- 
tended to explore the technical possibilities of searching for aster- 
oids smaller than the current one kilometer goal, and the efficacies 
of those searches. The study team which was composed broadly of 
experts through the community addressed the question by per- 
forming an exhaustive analysis along two parallel paths. 

First, the team established the current estimates of the Near 
Earth Object population, estimated the collision rates over time as 
functions of size, and then the damage expected from those types 
of collisions. 

Second, the team evaluated the technologies available to be built 
into systems intended to search for asteroids, and estimated their 
implementation costs and the effectiveness of discovering and cata- 
loguing potentially dangerous asteroids. 

Combining that information from those two paths of analysis sys- 
tems and strategies on a cost/benefit basis. The cost of investment 
in a search system balanced against the benefit of providing aware- 
ness of potential short or long term threats. 

The team specifically did not address issues related to mitigation 
approaches in the highly unlikely event that we find an object, a 
substantial object, on a collision course with Earth, but the view 
was that if one was coming, we certainly wanted to know. 

The team estimated the annual nominal average risk remaining 
in 2008, associated with an asteroid impact would be approxi- 
mately 300 casualties per year, that’s worldwide, plus the attend- 
ant property damage and destruction. That breaks down to about 
17 percent of that risk is attributed to smaller objects doing re- 
gional damage for land impacts, about 53 percent of that is due to 
water impacte and the tsunamis that ensue, and 30 percent of that 
risk is global climatic disruption caused by large impacts. So those 
are the physical objects left over, undiscovered by the Space Guard 
Survey in 2008. 

Senator Brownback. You re saying 300 deaths per year? 

Dr. Stokes. That’s the average rate. Now, remember, that’s com- 
posed of events that happen over long intervals, but some of them 
can be quite destructive. That average risk is composed of dev- 
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astating events that may occur only once over periods very long 
compared to the life of an individual. 

Senator Brownback. So if there’s another like 1908 event that 
occurs in 2030, you re calculators add 

Dr. Stokes. Right. 

Senator Brownback. The large number of casualties of that 
event, hut you’re calculating it over a period of time. 

Dr. Stokes. Correct. 

Senator Brownback. All right. 

Dr. Stokes. In any particular year, the most likely number of 
casualties due to an asteroid impact is zero. Now, in fact, over peri- 
ods of millions of years, there have been extinction events like the 
dinosaurs 65 million years ago, which would essentially cause the 
loss of civilization. And that is some part of the average rate. 

The 300 casualties per year that I mention is the left over after 
we execute the current surveys. The actual yearly rate, much of 
which has already been taken care of by the surveys, would have 
been about 1,200 per year, if we started with no information. 

In addition, the team concluded that current technology offers as- 
teroid detection and cataloguing capabilities several orders of mag- 
nitude better than presently operating systems. It is resources 
rather than technology that is the current limitation on NEO 
search performance. The team identified a variety of search system 
examples which, when operated over periods ranging from 7 to 20 
years, would generate a catalogue. That catalogue would contain 
hundreds of thousands of asteroids and would be 90 percent com- 
plete for Near Earth Objects larger than 140 meters. Construction 
and operation of these systems to achieve the level of completeness 
is estimated by us to cost somewhere between $296 million and 
$397 million, that’s in Fiscal Year 2003 dollars. 

All of those systems 

Senator Brownback. Is that a total figure, or is that over 

Dr. Stokes. That’s a total figure including building the system 
and operating it to that level of completeness, which would take 7 
to 20 years, depending on how aggressive — if one is in a hurry, one 
should look at space-based systems. If one wants to take longer, it 
can be done from the ground. 

All of those systems that I mentioned have a favorable cost/ben- 
efit pay back when measured in the unknown risk eliminated by 
the dollars invested in the asteroid search system. Based on those 
findings, the team recommended three things for NASA. 

First, we recommended that future goals related to search for po- 
tential Earth-impacting objects should be stated explicitly in terms 
if the statistical risk eliminated or characterized, and should be 
firmly based in a cost/benefit analysis. 

Second, we recommend that NASA develop and operate a NEO 
search program with the goal of discovering and cataloguing the 
potentially hazardous population sufficient to eliminate 90 percent 
of the risk due to the sub-kilometer objects. That would imply 90 
percent completeness in the catalogue to the 140 meter level. 

Third, to get things rolling, we suggest that NASA release an an- 
nouncement of opportunity, or an AO, to allow system implemen- 
ters to recommend a specific approach to satisfy the goal stated in 
recommendation two, which we are sure is technically possible. 
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Thank you and I would be happy to respond to questions. 

[The prepared statement of Dr. Stokes follows:] 

Prepared Statement of Dr. Grant H. Stokes, Chairman, Near-Earth Object 
Science Definition Team, MIT Lincoln Laboratory 

Thank you, Mr. Chairman, for the opportunity to present to the subcommittee in- 
formation on the subject of Near Earth Objects. In recent years, there has been an 
increasing appreciation for the hazards posed by near-Earth objects (NEOs), those 
asteroids and periodic comets (both active and inactive) whose motions can bring 
them into the Earth’s neighborhood. In August of 2002, NASA chartered a Science 
Definition Team to study the feasibility of extending the search for near-Earth ob- 
jects to smaller limiting diameters. The formation of the team was motivated by the 
good progress being made toward achieving the so-called Spaceguard goal of discov- 
ering 90 percent of all near-Earth objects (NEOs) with diameters greater than 1 km 
by the end of 2008. This raised the question of what, if anything should be done 
with respect to the much more numerous smaller, but still potentially dangerous, 
objects. The team was tasked with providing recommendations to NASA as well as 
the answers to the following 7 specific questions: 

1. What are the smallest objects for which the search should be optimized? 

2. Should comets be included in any way in the survey? 

3. What is technically possible? 

4. How would the expanded search be done? 

5. What would it cost? 

6. How long would the search take? 

7. Is there a transition size above which one catalogs all the objects, and below 
which the design is simply to provide warning? 

Team Membership 

The Science Definition Team, which I lead, was composed of experts in the fields 
of asteroid and comet search, including the Principal Investigators of two major as- 
teroid search efforts, experts in orbital dynamics, NEO population estimation, 
ground-based and space-based astronomical optical systems and the manager of the 
NASA NEO Program Office. In addition, the Department of Defense (DOD) commu- 
nity provided members to explore potential synergy with military technology or ap- 
plications. The Team members are listed in the following table along with their in- 
stitutions. 

Dr. Grant H. Stokes (Chair) 

Dr. Donald K. Yeomans (Vice-Chair) 

Dr. William F. Bottke, Jr. 

Dr. Steven R. Chesley 
Jenifer B. Evans 
Dr. Robert E. Gold 
Dr. Alan W. Harris 
Dr. David Jewitt 
Col. T.S. Kelso 
Dr. Robert S. McMillan 
Dr. Timothy B. Spahr 
Dr./Brig. Gen. S. Peter Worden 

Ex Officio Members 
Dr. Thomas H. Morgan 
Lt. Col. Bindley N. Johnson (USAF, ret.) 

Team Support 
Don E. Avery 
Sherry L. Pervan 
Michael S. Copeland 
Dr. Monica M. Doyle 

Analysis Process 

The Team approached the task using a cost/benefit methodology whereby the fol- 
lowing analysis processes were completed: 

Population estimation — An estimate of the population of near-Earth objects 
(NEOs), including their sizes, albedos and orbit distributions, was generated using 
the best methods in the current literature. We estimate a population of about 1100 
near-Earth objects larger than 1 km, leading to an impact frequency of about one 
in half a million years. To the lower limit of an object’s atmospheric penetration (be- 


MIT Lincoln Laboratory 
Jet Propulsion Laboratory/Caltech 
Southwest Research Institute 
Jet Propulsion Laboratory/Caltech 
MIT Lincoln Laboratory 

Johns Hopkins University, Applied Physics Laboratory 
Space Science Institute 
University of Hawaii 
USAF/AFSPC 

Spacewatch, University of Arizona 
Smithsonian Astrophysical Observatory 
USAF/SMC 


NASA Headquarters 
NASA Headquarters 

NASA Langley Research Center 

SAIC 

SAIC 

SAIC 



26 


tween 60 and 100 m diameter), we estimate about half a million NEOs, with an im- 
pact frequency of about one in a thousand years. 

Collision hazard — The damage and casualties resulting from a collision with 
members of the hazardous population were estimated, including direct damage from 
land impact, as well as the amplification of damage caused hy tsunami and global 
effects. The capture cross-section of the Earth was then used to estimate a collision 
rate and thus a yearly average hazard from NEO collisions as a function of their 
diameter. We find that damage from smaller land impacts below the threshold for 
global climatic effects is peaked at sizes on the scale of the Tunguska air blast event 
of 1908 (50-100 m diameter). For the local damage due to ocean impacts (and the 
associated tsunami), the damage reaches a maximum for impacts from objects at 
about 200 m in diameter; smaller ones do not reach the surface at cosmic speed and 
energy. 

Search technology — Broad ranges of technology and search systems were evalu- 
ated to determine their effectiveness when used to search large areas of the sky for 
hazardous objects. These systems include ground-based and space-based optical and 
infrared systems across the currently credible range of optics and detector sizes. Tel- 
escope apertures of 1, 2, 4, and 8 meters were considered for ground-based search 
systems along with space-based telescopes of 0.5, 1, and 2 meter apertures. Various 
geographic placements of ground-based systems were studied, as were space-based 
telescopes in low-Earth orbit (LEO) and in solar obits at the Lagrange point beyond 
Earth and at a point that trailed the planet Venus. 

Search simulation — A detailed simulation was conducted for each candidate 
search system, and for combinations of search systems working together, to deter- 
mine the effectiveness of the various approaches in cataloging members of the haz- 
ardous object population. The simulations were accomplished by using a NEO sur- 
vey simulator derived from a heritage within the DOD, which takes into account 
a broad range of “real-world” effects that affect the productivity of search systems, 
such as weather, sky brightness, zodiacal background, etc. 

Search system cost — The cost of building and operating the search systems de- 
scribed herein was estimated by a cost team from SAIC. The cost team employed 
existing and accepted NASA models to develop the costs for space-based systems. 
They developed the ground-based system cost estimates by analogy with existing 
systems. 

Cost! benefit analysis — The cost of constructing and operating potential survey 
systems was compared with the benefit of reducing the risk of an unanticipated ob- 
ject collision by generating a catalog of potentially hazardous objects (PHOs). PHOs, 
a subset of the near-Earth objects, closely approach Earth’s orbit to within 0.05 AU 
(7.5 million kilometers). PHO collisions capable of causing damage occur infre- 
quently, but the threat is large enough that, when averaged over time, the antici- 
pated yearly average of impact-produced damage is significant. Thus, while devel- 
oping a catalog of all the potentially hazardous objects does not actually eliminate 
the hazard of impact, it does provide a clear risk reduction benefit by providing 
awareness of potential short-and long-term threats. The nominal yearly average re- 
maining, or residual, risk in 2008 associated with PHO impact is estimated by the 
Team to be approximately 300 casualties worldwide, plus the attendant property 
damage and destruction. About 17 percent of the risk is attributed to regional dam- 
age from smaller land impacts, 53 percent to water impacts and the ensuing 
tsunamis, and 30 percent to the risk of global climatic disruption caused by large 
impacts, i.e., the risk that is expected to remain after the completion of the current 
Spaceguard effort in 2008. For land impacts and all impacts causing global effects, 
the consequences are in terms of casualties, whereas for sub-kilometer PHOs caus- 
ing tsunamis, the “casualties” are a proxy for property damage. According to the 
cost/benefit assessment done for this report, the benefits associated with eliminating 
these risks justify substantial investment in PHO search systems. 

PHO Search Goals and Feasibility 

The Team evaluated the capability and performance of a large number of ground- 
based and space-based sensor systems in the context of the cost/benefit analysis. 
Based on this analysis, the Team recommends that the next generation search sys- 
tem be constructed to eliminate 90 percent of the risk posed by collisions with sub- 
kilometer diameter PHOs. Such a system would also eliminate essentially all of the 
global risk remaining after the Spaceguard efforts are complete in 2008. The imple- 
mentation of this recommendation will result in a substantial reduction in risk to 
a total of less than 30 casualties per year plus attendant property damage and de- 
struction. A number of search system approaches identified by the Team could be 
employed to reach this recommended goal, all of which have highly favorable cost/ 
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benefit characteristics. The final choice of sensors will depend on factors such as the 
time allotted to accomplish the search and the available investment. 

Answers to Questions Stated in Team Charter 

What are the smallest objects for which the search should be optimized^ The Team 
recommends that the search system be constructed to produce a catalog that is 90 
percent complete for potentially hazardous objects (PHOs) larger than 140 meters. 

Should comets be included in any way in the survey'^ The Team’s analysis indi- 
cates that the frequency with which long-period comets (of any size) closely ap- 
proach the Earth is roughly one-hundredth the frequency with which asteroids 
closely approach the Earth and that the fraction of the total risk represented by 
comets is approximately 1 percent. The relatively small risk fraction, combined with 
the difficulty of generating a catalog of comets, leads the Team to the conclusion 
that, at least for the next generation of NEO surveys, the limited resources avail- 
able for near-Earth object searches would be better spent on finding and cataloging 
Earth-threatening near-Earth asteroids and short-period comets. A NEO search sys- 
tem would naturally provide an advance warning of at least months for most threat- 
ening long-period comets. 

What is technically possible? Current technology offers asteroid detection and cat- 
aloging capabilities several orders of magnitude better than the presently operating 
systems. NEO search performance is generally not driven by technology, hut rather 
resources. This report outlines a variety of search system examples, spanning a fac- 
tor of about 100 in search discovery rate, all of which are possible using current 
technology. Some of these systems, when operated over a period of 7-20 years, 
would generate a catalog that is 90 percent complete for NEOs larger than 140 me- 
ters. 

How would the expanded search be done? From a cost/benefit point-of-view, there 
are a number of attractive options for executing an expanded search that would 
vastly reduce the risk posed by potentially hazardous object impacts. The Team 
identified a series of specific ground-based, space-based and mixed ground-and 
space-based systems that could accomplish the next generation search. The choice 
of specific systems will depend on the time allowed for the search and the resources 
available. 

What would it cost? For a search period no longer than 20 years, the Team identi- 
fied several systems that would eliminate, at varying rates, 90 percent of the risk 
for sub-kilometer NEOs, with costs ranging between $236 million and $397 million. 
All of these systems have risk reduction benefits which greatly exceed the costs of 
system acquisition and operation. 

How long would the search take? A period of 7-20 years is sufficient to generate 
a catalog 90 percent complete to 140-meter diameter, which will eliminate 90 per- 
cent of the risk for sub-kilometer NEOs. The specific interval depends on the choice 
of search technology and the investment allocated, as shown in the figure below. 

The cost of various space-based and ground-based search systems are plotted 
against the number of search years required to reduce by 90 percent the sub-global 
risk from impacts by sub-kilometer sized objects. 
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The cost of various space-based and ground-based search systems are plotted against the num- 
ber of search years required to reduce by 90 percent the sub-global risk from impacts by sub- 
kilometer objects. 

Is there a transition size above which one catalogs all the objects, and below which 
the design is simply to provide warning'? The Team concluded that, given sufficient 
time and resources, a search system could be constructed to completely catalog haz- 
ardous objects with sizes down to the limit where air blasts would be expected 
(about 50 meters in diameter). Below this limit, there is relatively little direct dam- 
age caused by the object. Over the 7-20 year interval (starting in 2008) during 
which the next generation search would be undertaken, the Team suggests that cat- 
aloging is the preferred approach down to approximately the 140-meter diameter 
level and that the search systems would naturally provide an impact warning of 60- 
90 percent for objects as small as those capable of producing significant air blasts. 

Science Definition Team Recommendations 

The Team makes three specific recommendations to NASA as a result of the anal- 
ysis effort: 

Recommendation 1 — Future goals related to searching for potential Earth-impact- 
ing objects should be stated explicitly in terms of the statistical risk eliminated (or 
characterized) and should be firmly based on cost/benefit analyses. 

This recommendation recognizes that searching for potential Earth impacting ob- 
jects is of interest primarily to eliminate the statistical risk associated with the haz- 
ard of impacts. The “average” rate of destruction due to impacts is large enough to 
be of great concern; however, the event rate is low. Thus, a search to determine if 
there are potentially hazardous objects (PHOs) likely to impact the Earth within the 
next few hundred years is prudent. Such a search should be executed in a way that 
eliminates the maximum amount of statistical risk per dollar of investment. 

Recommendation 2 — Develop and operate a NEO search program with the goal of 
discovering and cataloging the potentially hazardous population sufficiently well to 
eliminate 90 percent of the risk due to sub-kilometer objects. 

The above goal is sufficient to reduce the average casualty rate from about 300 
per year to less than 30 per year. Any such search would find essentially all of the 
larger objects remaining undiscovered after 2008, thus eliminating the global risk 
from these larger objects. Over a period of 7-20 years, there are a number of system 
approaches that are capable of meeting this search metric with quite good cost/ben- 
efit ratios. 

Recommendation 3 — Release a NASA Announcement of Opportunity (AO) to allow 
system implementers to recommend a specific approach to satisfy the goal stated in 
Recommendation 2. 
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Based upon our analysis, the Team is convinced that there are a number of cred- 
ible, current technology/system approaches that can satisfy the goal stated in Rec- 
ommendation 2. The various approaches will have different characteristics with re- 
spect to the expense and time required to meet the goal. The Team relied on engi- 
neering judgment and system simulations to assess the expected capabilities of the 
various systems and approaches considered. While the Team considers the analysis 
results to be well grounded by current operational experience, and thus, a reason- 
able estimate of expected performance, the Team did not conduct analysis at the de- 
tailed system design level for any of the systems considered. The next natural step 
in the process of considering a follow-on to the current Spaceguard program would 
be to issue a NASA Announcement of Opportunity (AO) as a vehicle for collecting 
search system estimates of cost, schedule and the most effective approaches for sat- 
isfying the recommended goal. The AO should be specific with respect to NASA’s 
position on the trade between cost and time to completion of the goal. 

The complete Science Definition Team Report may be accessed online at: http: ! / 
neo.jpl. nasa.gov / neo / neoreport030825.pdf 

I thank you for the opportunity to appear and would be happy to respond to any 
questions. 

Senator Brownback. Thank you very much. Dr. Griffin. 

STATEMENT OF MICHAEL D. GRIFFIN, HEAD OF THE SPACE 

DEPARTMENT, APPLIED PHYSICS LAB, JOHNS HOPKINS 

UNIVERSITY 

Dr. Griffin. Thank you, Senator Brownback. I am here this 
afternoon, representing the Johns Hopkins Applied Physics Labora- 
tory, which is so far the only laboratory which has carried out the 
mission of visiting a Near Earth Object with a robotic spacecraft. 

Thank you for providing me with this opportunity to comment on 
the greatest natural threat to the long-term survivability of man- 
kind, which is an asteroid impact with the Earth. 

Throughout its history. Earth has been continuously bombarded 
by objects ranging in size from dust particles to asteroids or comets 
greater than 10 lalometers in diameter. You’ve heard that although 
9ie probability of the Earth being hit by a large object in this cen- 
tury is low, the effects of such an impact are so catastrophic that 
it is essential to prepare a defense against such an occurrence. 

The first step in that defense is a system to identify and cata- 
logue all potential impacters above the threshold of significant 
damage, approximately 100 meters in diameter. Later, the remain- 
der of a comprehensive Earth protection system could be assembled 
so that it would be ready to deflect a potential impacter shortly 
after it is identified. 

NEOs also represent a tremendous opportunity in the context of 
the President’s exploration initiative. They are potential suppliers 
of resources for future manned space exploration, but in order to 
use these resources a much more detailed knowledge of their com- 
position and physical characteristics will be required before the 
technologies to produce fuels or construction materials from Near 
Earth Objects can be developed. 

In 1998, NASA embraced the goal, as you’ve heard, of finding 
and cataloguing within 10 years 90 percent of all the Near Earth 
Objects with diameters greater than 1 kilometer. It is estimated 
that on the order of a thousand such objects exist. Population 
counts show, however, that there could likely be 150,000 Near 
Earth Objects larger than 100 meters, the threshold of significant 
damage on Earth. 
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For reference, the Tunguska Event in Siberia in 1908 destroyed 
an area 50 kilometers in diameter and is believed to have been 
caused by an impacter on the order of 50 meters in diameter. 

Again, you have already heard that the average — at the average 
speed of these objects, the energy released by the impact of 100 
meter Near Earth Object is about equivalent to that of a 50 meg- 
aton bomb. 

The frequency of impacts over the last century can be estimated 
by noting the Tunguska Event in 1908, the Sikhote-Alin Event in 
Siberia about 270 miles northeast of Vladivostok in February 1947, 
and the several recently identified objects that have had very near 
misses with the Earth. 

All this evidence confirms that impacts with the ability to wipe 
out a large metropolitan area can be expected within the next 100 
years. It is also worth noting that within living — or at least recent 
memory, there is a 12 mile wide crater under the sea floor near the 
island of New Zealand, the impact of which lives on in Maori leg- 
ends in the area. The impact is estimated to have occurred in the 
1700s. These are not terribly infrequent events on human time 
scales. 

It is estimated that a 30 year advance warning would be re- 
quired to have a reasonable assurance of deflecting a Near Earth 
Object from a collision with the Earth. If a future impacter were 
identified today, the time to explore the characteristics of the ob- 
ject, to develop a deflection system, deliver it to the NEO, and 
apply the deflection early enough to prevent an impact requires 
about a three decade lead time from the initial discovery. 

An overall Earth protection system must have three components. 
A search system is needed to identify any potential impacters, a se- 
ries of detailed investigation missions are needed to understand the 
structure, composition, rotational state, and other physical prop- 
erties of the impacter. And finally, deflection technologies are need- 
ed to change the speed of the object so that it will not impact 
Earth. 

At the current rate of discovery, the group of observatories that 
are finding and cataloguing Near Earth Objects will come close to 
achieving their goal of identifying 90 percent of the greater than 
1 kilometer diameter objects by 2008. More than 50 percent of the 
population has already been discovered. 

The very large number of undiscovered, small to modest sized ob- 
jects, the greater than 100 meters that I spoke of, represents the 
greatest remaining threat to regional safety not currently being ad- 
dressed. 

A NASA Near Earth Object Science Definition Team recently ex- 
amined the requirements for extending this search to smaller di- 
ameters and showed that a system to accomplish the discovery and 
cataloguing of 90 percent of these objects within 10 years could be 
accomplished with a single discovery class spacecraft in a helio- 
centric orbit, about seven-tenths of an AU out from the sun, or 
about at the orbit of Venus, relative to the sun. This modestly 
priced system could be constructed and launched in 4 to 5 years. 

My time is running out, and so I will conclude that in summary, 
the threat to life on Earth from Near Earth Objects is real, even 
though the likelihood of a severe impact during the next few years 
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is low. The space exploitation opportunities of these objects are 
equally real. The most important thing needed at this time is an 
improved search system for smaller objects. Recent studies have 
shown that a search spacecraft can catalogue 90 percent of the re- 
maining objects within 10 years and can be launched within the 
next 4 or 5 years. 

Thank you very much, and I’m ready to take any questions you 
may have. 

[The prepared statement of Dr. Griffin follows:] 

Prepared Statement of Michael D. Griffin, Head of the Space Department, 
Applied Physics Lab, Johns Hopkins University 

Mister Chairman and members of the subcommittee, thank you for giving me this 
opportunity to comment on the greatest natural threat to the long-term survivability 
of mankind, an asteroid impact with the Earth. Throughout its history, the Earth 
has continuously been bombarded by objects ranging in size from dust particles to 
comets or asteroids greater than 10 km in diameter. Although the probability of the 
Earth being hit by a large object in this century is low, the effects of an impact are 
so catastrophic that it is essential to prepare a defense against such an occurrence. 
The first step in that defense is a system to identify and catalog all potential impac- 
tors above the threshold of significant damage, approximately 100 meters in diame- 
ter. Later, the remainder of a comprehensive Earth-protection system could be as- 
sembled so that it would be ready to deflect a potential impactor shortly after it is 
identified. 

In 1998, NASA embraced the goal of finding and cataloging, within 10 years, 90 
percent of all near-Earth objects (NEOs) with diameters greater than 1 km. Impacts 
hy objects of this size and larger could result in worldwide damage, and the possible 
elimination of the human race. The current system is not sufficient to catalog the 
population of smaller NEOs. While there are thought to be nearly a thousand ob- 
jects with diameters greater than 1 km, there are a great many smaller NEOs that 
could devastate a region or local area. The exact NEO size distribution is not 
known; however a good current estimate is that there are more than 5 times as 
many objects with diameters greater than 1/2 km than there are with diameters 
greater than 1 km. This multiplication of numbers for smaller diameters continues 
for all sizes at least down to those just large enough to make it through the atmos- 
phere. Thus, if there are about 700 NEOs of 1 km or greater, there are more than 
150,000 NEOs with diameters greater than 100 m. The Tunguska event in Siberia 
in 1908 destroyed an area 50 km in diameter and is believed to have been caused 
by an impactor less than 50 m in diameter. 

The average speed of objects colliding with Earth is about 20 km/s (about 45,000 
miles per hour). At these speeds the energy of impact is 44 times the explosive 
power of the same mass of TNT. Thus, the energy released by the impact of a 100 
m object is about equivalent to a 50 megaton bomb. The impacts at Tunguska in 
1908, Sikhote-Alin (about 270 miles northeast of Vladivostok) in Eebruary 1947, and 
the recently identified objects that have had near misses with Earth, all show us 
that impacts with the ability to wipe a large metropolitan area can be expected dur- 
ing the next 100 years. 

A great deal has been learned about the nature of the threat in the last decade. 
It is vital to understand the characteristics of NEOs to know how to defend against 
a potential impactor. An improved theoretical understanding of the population of 
NEOs has clarified their evolution through interactions with the planets of our solar 
system. It has helped us understand their numbers and their distribution in the dif- 
ferent classes of orbits. On the practical side, the progress of several space missions 
has greatly improved our understanding of the physical and chemical characteristics 
of these objects. A great deal still needs to be done since only a handful of these 
objects have been observed from sufficiently close distances to see their surface 
structure, and only one asteroid has been orbited. The Near Earth Asteroid Ren- 
dezvous (NEAR) mission orbited and landed on 433-Eros and was able to get the 
first estimates of the internal structure and composition of a NEO. However, there 
is still a great deal more that will have to be known about an object if it becomes 
necessary to deflect it from a collision course with Earth. 

Opportunities 

In addition to the threat that NEOs represent, they are also potential suppliers 
of resources for future manned space exploration. In order to use these resources. 
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a much more detailed knowledge of their composition and physical characteristics 
will be required before the technologies to produce fuels or construction materials 
from NEOs can be developed. 

Current and Future Teehnologies for Earth Protection 

It is estimated that a 30-year advance warning would be required to have a rea- 
sonable assurance of deflecting a NEO from a collision with Earth. Thus, if a future 
impactor were identified today, the time to explore the characteristics of the NEO, 
develop a deflection system, deliver it to the NEO, and apply the deflection early 
enough to prevent an impact, requires about a 3-decade lead time. 

The deflection technologies available today, which are chemical rockets and nu- 
clear weapons, both have limited abilities to slow down or speed up an asteroid. A 
100 m object has a mass of the order of 1 million tons, and a 1 km object has a 
mass of the order of 1 billion tons. To prevent an object from colliding with Earth, 
it must be sped up or slowed down by about 7 cm/s (about Ve of an mile per hour) 
divided by the number of years in advance that the change is applied. The fuel that 
can be contained in a medium-sized scientific spacecraft could successfully deflect 
a 100 m body if it were pushed about 15 years in advance. The Space Shuttle’s main 
engines and the fuel contained in the large external tank could successfully deflect 
a 1 km diameter object if it were applied about 20 years in advance. Nuclear weap- 
ons carry much greater impulse for their mass. However, they deliver that impulse 
so quickly that they are more likely to break up the body than to deflect it. Because 
NEOs are in their own orbits around the Sun, the pieces of a disrupted object will 
tend to come together one half of an orbital period later. Therefore, the successful 
use of nuclear weapons for deflection will require the development of techniques for 
slowing the delivery of the impulse to the NEO and will probably also require many 
small weapons to be used to deflect a single NEO. 

The orbital mechanics required to approach a potential impactor also require it 
to he identified early. It may take 5 years or more for any deflector mission to ren- 
dezvous with a NEO in an arbitrary Earth-crossing orbit. 

What Remains to be Done 

An overall Earth protection system must have three components. First, a search 
system is needed to identify any potential NEO impactors. Second, a series of de- 
tailed investigation missions are needed to understand the structure, composition, 
rotational state, and other physical properties of potential impactors. And finally, 
deflection technologies are needed to change the speed of a NEO to ensure that it 
will not impact Earth. 

Search systems 

The United States and other countries around the world have concentrated on the 
first part of the Earth-protection system. At the current rate of discovery, the group 
of observatories that are finding and cataloging NEOs will come close to achieving 
their goal of identifying 90 percent of the greater than 1-km diameter NEO popu- 
lation by 2008. More than 50 percent of the expected population has already been 
discovered and discoveries continue to be made each month. While this effort will 
retire most of the risk of a global catastrophe, the size distribution of NEOs shows 
us that there are a great many more small objects than larger ones. Their numbers 
increase by a factor of about 220 for a diameter that is reduced by a factor of 10. 
This very large number of small-to-modest sized objects represents the greatest re- 
maining threat to regional safety that is not being addressed. The equipment used 
by current NEO surveys is sized to find the largest objects. Some sub-kilometer ob- 
jects are found serendipitously; however, these telescope systems are not optimized 
to find the smaller objects. 

A NASA NEO Science Definition Team recently examined the requirements for 
extending the NEO search to smaller diameters and showed that a system to accom- 
plish the discovery and cataloging of 90 percent of all NEO greater than 100 m di- 
ameter within 10 years could be accomplished with a single Discovery-class space- 
craft in a heliocentric orbit at about 0.7 AU. This modestly priced system (the Dis- 
covery class is about $300 million full mission cost) could be constructed and put 
on-station in four to five years. 

Detailed Examination of NEOs 

Several space missions that are contributing to the detailed investigations of 
NEOs and comets have been launched and others are currently in development. As 
stated above, the NEAR mission provided the first detailed information on the mass, 
shape, structure, and composition of an asteroid. However, we know from ground- 
based spectroscopic data that there is a great deal of variability among these ob- 
jects. 
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The Giotto and Deep Space 1 missions took close images of comets Halley and 
Borelli. The Stardust mission will be returning with dust particles from comet Wild 
2 in January of 2006. The Deep Impact mission will create a crater in comet Tempel 
1 to learn about the internal composition of comets. And the DAWN mission will 
examine the composition of asteroids 1 Ceres and 4 Vesta, two of the largest planet- 
oids in the solar system. These missions are making steady progress in our under- 
standing of the formation of the solar system and the characteristics of the small 
bodies within it. Continuation of this series of investigations is vital to our future 
ability to deal with the threat and opportunities of NEOs. 

Deflection Technologies 

While there has been a great deal of theoretical examination of deflection tech- 
niques, no practical systems exist at this time. As the search systems and detailed 
examination missions progress, it is important to continue the development of de- 
flection system technologies so that a full Earth-protection system could be deployed 
rapidly if a future impactor is discovered by the search systems. 

Summary 

The threat to life on Earth from NEOs is real even though the likelihood of a se- 
vere impact during the next few years is low. The most important thing that is 
needed in order to deal with this risk is an improved search system. Recent studies 
have shown that a search spacecraft that can catalog 90 percent of the remaining 
NEOs larger than 100 m in diameter over 10 years of operation can be launched 
within 4 or 5 years at the cost of a NASA Discovery-class mission. In addition, the 
pace of mission developments for detailed examination of small solar system bodies 
should continue undiminished. This is clearly summarized by the cartoon below, 
originally published in New Yorker magazine in 1998. 



“All I'm saying is non’ is the time to develop the technology to deflect an asteroid” 
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Senator Brownback. Dr. Griffin, just a couple real quick. That’s 
the best way it’s felt within the scientific community to do this, is 
to put a space-based observatory of sorts in an orbit out and 
around, to be able to categorize 

Dr. Griffin. I wouldn’t — that is one way. I wouldn’t want to go 
so far as to say that the scientific community would regard it as 
the best way. The task can equally well be accomplished with a se- 
ries or a set of ground-based telescopes spread as widely as possible 
on the Earth. 

And indeed, I believe NASA is open to both possibilities through 
the announcement of opportunity to which the previous witness al- 
luded. So either ground-based — either several ground-based observ- 
atories or a single space-based observatory could probably accom- 
plish the same job. 

Senator Brownback. And what about the exploration oppor- 
tunity and the research opportunity. What do you see as the big- 
gest things we can learn from NEOs? 

Dr. Griffin. Well, I am an engineer by profession, and not a sci- 
entist. So my primary interest in Near Earth Objects would be for 
the exploration, exploitation, and development of a spacefaring in- 
frastructure. 

Many Near Earth Objects will be found to be of the class of so- 
called carbonaceous chondrites from which volatile material, to in- 
clude water, can likely be extracted. A small fraction of them, 1 or 
2 percent, a few percent, will have heavy useful metals. Others will 
be merely rock and stone. 

But all of those together can provide construction materials, pos- 
sibly fuel supplies. And those materials do not have to be lifted out 
of the gravity well of this planet or any other. 

This is a pursuit which should occupy us in the coming decades 
of space exploration. It will not be the first thing that we do, but 
it should be allowed to be the last thing we think of 

Senator Brownback. Mr. Schweickart. Good to have you here. 
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Mr. SCHWEICKART. Thank you, sir. With your permission, I’d like 
to defer to Mr. Lu first, sir. Sequences would he better that way. 

The Chairman. That’ll be just fine. Dr. Lu. 

STATEMENT OF DR. EDWARD LU, NASA ASTRONAUT AND 
PRESIDENT, B612 FOUNDATION 

Dr. Lu. Thank you for the opportunity to discuss a bold new pro- 
posal to demonstrate — actually demonstrate altering the orbit of an 
asteroid. I wanted to talk today about sort of a different aspect 
than what you’ve been hearing about which is searching for aster- 
oids and that’s the necessary first step. But once you find asteroids, 
particularly if you find one on a collision course, the question is, 
“What do you do? Or what can we do?” 

I represent the B612 Foundation and we’re a group of astrono- 
mers, engineers and astronauts concerned about the issue of aster- 
oid impacts. Recent developments have now given us the potential 
to defend the Earth against these natural disasters and I’ll talk 
about that. 

To develop this capability, we have proposed a spacecraft mission 
to significantly alter the orbit of an asteroid in a controlled manner 
by 2015 and we think it’s important that there be an actual dem- 
onstration and I’ll talk about why that is later. 

First off. Why would you want to move an asteroid? I think we’ve 
been hearing a little bit about that and I want to put some of these 
odds that you’ve been hearing about in a different way; their equiv- 
alent numbers. You’ve been asking about what are the odds of get- 
ting hit by an asteroid? Well, rather than saying once per thousand 
years or so — another way to say that is that during your lifetime, 
during my lifetime, everyone in this room, there’s a 10 percent 
chance that there will be a 60 meter asteroid that impacts the 
Earth with an energy of a 10 megatons and that’s about 700 simul- 
taneous Hiroshima sized bombs going off. It’s 10 percent. 

It’s kind of like a bad lottery but — in that most days are — 
nothing’s going to happen, but occasionally you get a bad day and 
there’s a one in 50,000 chance that your death, my death, everyone 
in this room along with most of humanity and human civilization 
is going to end all on the same day with the impact with a greater 
than kilometer sized asteroid; one to 50,000 is pretty small, but 
that would be the end of it. 

We think that we now have the potential to change these odds 
and what we propose is again actually trying a demonstration mis- 
sion to deflect an asteroid because there’s a lot of unknown sur- 
rounding this. You’ve been hearing about that but the surest way 
to actually attack any of these unknowns is to try something. 

The first time that you attempt to deflect an asteroid shouldn’t 
be on the real day because there’s going to be many surprises in 
store. The first few missions may not work at all. You want to 
learn those ahead of time before you actually have to use such a 
system. 

So why do we suggest by 2015? Well, again, the time to test, 
learn and experiment is now because we have just recently devel- 
oped or are developing new advances in space nuclear power and 
high efficiency propulsion that we think makes it possible. 2015 is 
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challenging, but we think doable and having a clear goal, a clear 
date will, we think, serve to focus the development efforts. 

So how big of an asteroid are we proposing to move? The dem- 
onstration asteroid that you try this test mission on ought to be 
large enough to represent a real risk and also what you test should 
be applicaWe to larger size asteroids because you want to start out 
fairly small, but you want what you learn to be useful through 
larger asteroids. 

So we’re suggesting an asteroid of about 200 meters and a 200 
meter asteroid if it impacts, would be about a 600 megaton explo- 
sion and as we heard that if that lands in an ocean that will likely 
destroy most coastal cities in that ocean. So that’s large enough to 
be a threat. 

Asteroids of about 150 meters across or larger are thought to be 
not single pieces, but rather conglomerations or loosely held to- 
gether groups called, “rubble piles,” and so if you pick something 
that’s a rubble pile, what you learn will be applicable to larger size 
asteroids. So again, we’re picking something that’s of moderate 
risk — of major risk but is doable we think. Large enough to be do- 
able. 

So what do we mean by significantly alter it? It turns out that 
you don’t really need to give an asteroid very much of a push to 
prevent a collision. If you have several decades of warning which 
we expect if these proposed searches are carried out, then all you 
really need to do is if you have several decades of notice is to give 
an asteroid a small impulse. Maybe about a centimeter a second. 
That’s about 1/5 0th of a mile an hour. 

Even though the typical asteroid moves around the sun at about 
70,000 miles per hour, making it 70,000.002 is enough to prevent 
a collision if you’ve got a decade or so of warning, but even though 
that’s a small change in velocity, that’s still pretty hard because 
even a 200 meter asteroid weights about 10 million tons. 

So why do you need to move it in a controlled manner? Well, if 
you don’t make it a highly controlled thing, you risk making the 
problem worse. You’ve seen Armageddon, or movies like that where 
they talk about blowing up an asteroid with a nuclear weapon. 
Well, you stand as much of a chance of making your problem worse 
as making it better and you split the asteroid up and what you’ve 
done then is turned this rifle bullet heading at you into a shotgun 
blast and now your life has just gotten worse. 

Furthermore, you won’t really quite know where you’re going to 
end up pushing the asteroid and that’s not a good situation if 
you’re trying to avert a catastrophe. So we are suggesting doing 
this in a controlled slow manner which also has the advantage that 
you can use the same technology for commercial reasons — commer- 
cial and exploration reasons which has also been brought up. So 
how can you do this? 

Well, first off, conventional rockets like we use today, like I’ve 
launched on the Space Shuttle and Rusty’s flown on the Saturn 
Five, those use chemical propellants. Well, chemical propellants ba- 
sically don’t have the umph to move objects of this size. So what 
we are proposing to use is a nuclear powered spacecraft using high 
energy propulsion such as an ion or plasma engine. Those are cur- 
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rently in development at NASA today as part of the Prometheus 
Project. 

In fact, the thrust and power requirements that we’ve discussed 
for moving a 200 meter asteroid are about the same as the Jupiter 
Icing Moons Orbiter and that’s a spacecraft that’s currently 
planned for launch in around 2012. So we’re suggesting that you 
could use similar hardware to do this demonstration mission. 

So this spacecraft would fly to an asteroid rendezvous and land 
on and attach to this small asteroid and push on it and by continu- 
ously thrusting for some period of months you could slowly, slowly, 
slowly alter the velocity by a fraction of a centimeter per second 
and we could measure that from the Earth so we could verify that 
it’s worked and then we say, well, what can we learn from this? 

Well, remember that this is not really a planetary protection sys- 
tem, but it’s a first attempt to learn more about the mechanics of 
asteroid deflection because like I said, a lot of technical complica- 
tions and unknowns about asteroids themselves, their structure, 
what they’re made of, but the way to make progress I think is to 
build, fly and test. 

You need to go there to find out the questions that you don’t 
even know yet. And besides the benefit of actually being able to 
demonstrate that you can do this there’s a lot of interesting sci- 
entific questions you can answer at the same time. Again, the best 
way to learn about asteroids is to go there. 

So how does this fit into NASA’s New Exploration Initiative? 

Well, in the near term, we think this mission would be an ideal 
way to flight test the nuclear propulsion systems already under de- 
velopment as part of “Project Prometheus.” It could also serve as 
a precursor to a crewed mission, meaning with people on board to 
go visit an asteroid. 

These missions have been proposed as an intermediate step to 
test your spacecraft systems for eventual longer term missions to 
Mars. I would personally love to go on one of those missions. 

In the longer term, the ability to land on and manipulate aster- 
oids is an enabling technology for extending human and robotic 
presence throughout the solar system. 

If we’re to truly open up the solar system, this mission we feel 
is a good way to start. It’s likely that someday we’re going to use 
asteroids for fuel, building materials or simply space habitats, min- 
ing, people are going to earn money off this. And the B612 Mission 
would mark a fundamental change in spacecraft in that it would 
actually alter in a measurable way an astronomical object rather 
than simply observing it. 

We can become active participants in the cosmos versus just 
being interested observers. Human beings need to eventually take 
charge of our own destiny in this manner or we will some day go 
the way of the dinosaurs when the next great asteroid impact oc- 
curs. Thank you. 

[The prepared statement of Dr. Lu follows:] 

Prepared Statement of Dr. Edward Lu, NASA Astronaut and President, 

B612 Foundation 

Thank you for the opportunity today to discuss a hold new proposal to dem- 
onstrate altering the orbit of an asteroid. I represent the B612 foundation, a group 
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of astronomers, engineers, and astronauts, concerned about the issue of asteroid im- 
pacts. Recent developments have now given us the potential to defend the Earth 
against these natural disasters. To develop this capability we have proposed a 
spacecraft mission to significantly alter the orbit of an asteroid in a controlled man- 
ner by 2015. 

Why move an asteroid? There is a 10 percent chance that during our lifetimes 
there will be a 60 meter asteroid that impacts Earth with energy 10 megatons 
(roughly equivalent to 700 simultaneous Hiroshima sized bombs). There is even a 
very remote one in 50,000 chance that you and I and everyone we know, along with 
most of humanity and human civilization, will perish together with the impact of 
a much larger kilometer or more sized asteroid. We now have the potential to 
change these odds. 

There are many unknowns surrounding how to go about deflecting an asteroid, 
but the surest way to learn about both asteroids themselves as well as the mechan- 
ics of moving them is to actually try a demonstration mission. The first attempt to 
deflect an asteroid should not be when it counts for real, because there are no doubt 
many surprises in store as we learn how to manipulate asteroids. 

Why by 2015? The time to test, learn, and experiment is now. A number of recent 
developments in space nuclear power and high efficiency propulsion have made this 
goal feasible. The goal of 2015 is challenging, but doable, and will serve to focus 
the development efforts. 

How big of an asteroid are we proposing to move? The demonstration asteroid 
should be large enough to represent a real risk, and the technology used should be 
scaleable in the future to larger asteroids. We are suggesting picking an asteroid 
of about 200 meters. A 200 meter asteroid is capable of penetrating the atmosphere 
and striking the ground with an energy of 600 megatons. Should it land in the 
ocean (as is likely), it will create an enormous tsunami that could destroy coastal 
cities. Asteroids of about 150 meters and larger are thought to be comprised of loose 
conglomerations of pieces, or rubble piles, while smaller asteroids are often single 
large rocks. The techniques we test on a 200 meter asteroid should therefore also 
be applicable to larger asteroids. 

What does “significantly alter the orbit” mean? If proposed asteroid searches are 
enacted, we expect to have decades or more of warning before an impact. Given this 
amount of warning, to prevent an impact only requires that the orbital velocity of 
an asteroid be altered by a small amount, less than of order 1 cm/sec, or about .02 
MPH. This is a tiny velocity increment, considering that the orbital speeds of aster- 
oids are of order 70,000 MPH. However, this is still a very difficult task since the 
mass of a 200 meter asteroid is of order 10 million tons. 

Why does the asteroid need to be moved in a “controlled manner”? If the asteroid 
is not deflected in a controlled manner, we risk simply making the problem worse. 
Nuclear explosives for example risk breaking up the asteroid into pieces, thus turn- 
ing a speeding bullet into a shotgun blast of smaller but still possibly deadly frag- 
ments. Explosions also have the drawback that we cannot accurately predict the re- 
sultant velocity of the asteroid — not a good situation when tr 3 dng to avert a catas- 
trophe. Conversely, moving an asteroid in a controlled fashion also opens up the 
possibility of using the same technology to manipulate other asteroids for the pur- 
poses of resource utilization. 

How can this be accomplished? This mission is well beyond the capability of con- 
ventional chemically powered spacecraft. We are proposing a nuclear powered space- 
craft using high efficiency propulsion (ion or plasma engines). Such propulsion pack- 
ages are currently already under development at NASA as part of the Prometheus 
Project. In fact, the power and thrust requirements are very similar to the Jupiter 
Icy Moons Orbiter spacecraft, currently planned for launch around 2012. The B612 
spacecraft would fly to, rendezvous with, and attach to a suitably chosen target as- 
teroid (there are many candidate asteroids which are known to be nowhere near a 
collision course with Earth). By continuously thrusting, the spacecraft would slowly 
alter the velocity of the asteroid by a fraction of a cm/sec — enough to be clearly 
measurable from Earth. 

What will we learn from this? It is important to remember that this mission is 
merely a first attempt to learn more about the mechanics of asteroid deflection. 
There are a number of technical complications, as well as many unknowns about 
the structure and composition of asteroids. However, the way to make progress is 
to build, fly, and test. Much of what we will learn is generic to many proposed aster- 
oid deflection schemes, with the added benefit of being able to answer important sci- 
entific questions about asteroids themselves. The best way to learn about asteroids 
is to go there. 

How does this fit into the new Exploration Initiative at NASA? In the near term, 
this mission would be an ideal way to flight test the nuclear propulsion systems 
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under development as part of the Prometheus Project. It could also serve as a pre- 
cursor to a crewed mission to visit an asteroid. Such missions have been proposed 
as intermediate steps to test spacecraft systems for eventual longer term crewed 
missions to Mars. 

In the longer term, the ability to land on and manipulate asteroids is an enabling 
technology for extending human and robotic presence throughout the solar system. 
If we are to truly open up the solar system, this mission is a good way to start. 
It is likely that someday we will utilize asteroids for fuel, building materials, or sim- 
ply as space habitats. The B612 mission would mark a fundamental change in 
spacecraft in that it would actually alter in a measurable way an astronomical ob- 
ject, rather than simply observing it. Human beings must eventually take charge 
of their own destiny in this manner, or we will someday go the way of the dinosaurs 
when the next great asteroid impact occurs. 

Senator Brownback. Thank you, Dr. Lu. Mr. Schweickart. I 
guess both of you having traveled to space that’s — thank you for 
being here. 

STATEMENT OF DR. RUSSELL L. SCHWEICKART, CHAIRMAN 
OF THE BOARD, B612 FOUNDATION 

Dr. Schweickart. Thank you for holding hearings, sir. I’ll deal 
a bit more with some of the policy issues implied in what’s been 
said today in previous testimony. I think it is extremely important 
and reflected to a certain extent by the questions you’ve been ask- 
ing yourself for people to get a picture of what it is that we’re talk- 
ing about. And so in addition to repeating, you know, that Near 
Earth Asteroids in the hundreds of thousands pose an occasional 
but substantial threat to life. Let me give you a couple of specific 
examples. 

As Ed said a moment ago, we’re all talking about the same ele- 
phant and giving you a different snapshot of it. It’s all basically the 
same statistical data, but we’re trying to give a realistic picture. So 
let me try it this way. 

Last night something on the order of hundreds of thousands to 
a million bits and pieces of asteroids and comets hit the Earth. The 
people that looked up and saw them called them, “shooting stars.” 
That’s what you and I would call them if we happened to be look- 
ing up on a clear night as well. They don’t do any damage as you 
know because the atmosphere protects us. 

But getting a little bit bigger and of course a little fewer of them, 
a little less frequent with the impacts. If we took a Near Earth As- 
teroid the size of this room, one of those is going to hit us about 
once every 2 to 3 years and that would in fact also not do much 
damage but that would in fact result in something on the order of 
a 10 to 15 kiloton, about a Hiroshima size explosion in the upper 
atmosphere. That is something the size of this room every 2 to 3 
years. 

Now, getting a bit bigger and where it starts getting dangerous, 
step outside and picture something the size of the U.S. Capitol 
Building. Now, have that come flying at the Earth at about 20 
times the speed of a rifle bullet, if you will. That’s going to happen 
on the order of every few hundred years to a thousand years, and 
in that case, we’re going to have an explosion the size of the largest 
nuclear weapon in the U.S. arsenal, something on the order of 10 
to 15 megatons of energy. 

That again compares with the Tunguska Event of 1908 that we 
heard about earlier or a little bit larger if something like that hap- 
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pened over — if the U.S. Capitol flew at the U.S. Capitol it would 
destroy the Washington Metropolitan area totally. It wouldn’t hit 
the surface. It would actually explode something 10 to 20,000 feet 
above the Capitol, but it would decimate everything underneath it 
for the whole metropolitan area. 

Now, that particular size that I just related is the smallest thing 
that we have all been talking about detecting ahead of time. That 
is something down in the vicinity of 100 meters in diameter, so 
that gives you an idea. That’s the smallest thing that we’re all up 
here proposing that the Congress direct that NASA, NSF, whoever 
take under their wing to get early warning and intelligence on this 
threat to public safety. 

Protection of the public — so I’ll go on from those examples. Pro- 
tection of the public from this hazard, and as I say there’s some- 
thing around 200,000 of these things to be discovered yet that cir- 
cle around the sun right now. And the protection from this hazard 
depends entirely on increasing the capability of our current aster- 
oid detection and tracking program. 

This is a known hazard for which public safety is critically de- 
pendent on timely information gathering, as is the case in all intel- 
ligence about threats to public safety. 

The hazards posed by Near Earth Asteroids will become widely 
know by the general public as the detection and tracking programs 
shift their focus to the far more numerous, but very dangerous 
smaller NEOs of — and when I say “smaller NEOs,” I’m talking 
about the size of the U.S. Capitol Building. 

Close calls with NEOs in the future will trigger a growing public 
concern and commensurate expectation that the government is 
doing something about this. The government is doing something to 
protect them. At the moment, that is not the case at all. The gov- 
ernment is doing nothing to actually protect people from any NEOs 
which are coming our way to hit us. We are detecting them, but 
we’re not yet providing actual or active protection. 

Unlike other natural disasters, this hazard that we’re talking 
about here is both predictable and preventable, using technologies 
that are being developed by NASA today in its Prometheus Pro- 
gram. 

What is missing today is the goal to explore these Near Earth 
Asteroids to gather the critical understanding necessary to ulti- 
mately protect the public from this threat. 

Near Earth Asteroids — well, let me just say happily Near Earth 
Asteroids are not only a threat. Near Earth Asteroids are also a 
rich exploratory — exploration target, excuse me, for both scientific 
and economic benefit. Asteroids are easily accessible gold mines of 
information about the origins of the solar system. 

They also, and perhaps more importantly, contain a wealth of re- 
sources for utilization in space which are far more accessible than 
resources on the moon. In fact, as in the case with the moon, the 
Near Earth Asteroids can serve as stepping stones to Mars. 

It is not and probably should not be NASA’s job to protect the 
Earth from asteroid impacts, but it is NASA’s job to develop space 
technologies and capability to serve humanity. Since Near Earth 
Asteroids represent both an opportunity for and a threat to human- 
ity and NASA is currently seeking mission opportunities for its 
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Prometheus Program, it is entirely appropriate that a portion of its 
efforts be directed to this end. 

Therefore, B612 Foundation of which both Ed and I are rep- 
resenting here, call today on the Congress to task NASA first with 
increasing the capability of the current Space Guard Survey con- 
sistent with the recommendations of the recent NASA NEO Science 
Definition Team Report which you’ve heard reported on. In other 
words, we need, absolutely need better intelligence to protect the 
public. 

Second, we call on Congress to direct NASA to incorporate the 
B612 Mission Goal to demonstrate the capability to land on, ex- 
plore and deflect an asteroid as part of it Prometheus Program. 

And third, we call on Congress to request that OSTP initiate a 
high level study to develop a U.S. Government Policy for both na- 
tional and international response to deflection of Near Earth Aster- 
oids. This is not, as you’re well aware, a domestic problem only. 
This is a global problem and we need to be coordinating around 
this planet with means to protect life in the future. 

I’d like to emphasize in closing something that Ed alluded to and 
that is for the first time in the history of humanity, we have devel- 
oped the technology which will enable us, provided we focus on it, 
to protect the future of life on this planet. Up until this time, we’ve 
been lucky in this shooting gallery. The dinosaurs were not lucky. 
We now have a chance. What we’ve got to do is focus on it and take 
responsibility for the future of life on this planet and today we 
have that possibility. Thank you very much, sir, and we’d be happy 
to answer any questions. 

[The prepared statement of Dr. Schweickart follows:] 

Prepared Statement of Russell L. Schweickart, Chairman, B612 Foundation 

Chairman Brownback, Senator Breaux, members of the Committee: 

Introduction 

First I’d like to thank you for the invitation to speak with you today about this 
emerging public policy issue of near Earth objects (NEOs) threatening life on Earth. 
One might have thought, just a few years ago, that the subject of asteroids was one 
for space wonks and wanna-be astronauts and astronomers. But today the realiza- 
tion is rapidly dawning on the media and the general public that asteroids are a 
subject of more than passing interest! More and more people are coming to know 
that some few of these asteroids do not silently pass the Earth, but indeed crash 
in, largely unannounced. On the rare occasions when this happens they can wreak 
havoc of a magnitude unprecedented in human history. At the upper limit impacts 
by large asteroids have caused global destruction leading to the virtually instanta- 
neous extinction of life for most of the species living at the time. The dinosaurs were 
momentary witnesses to a billion megaton event of this kind 65 million years ago. 
At the lower limit of concern, but occurring much more frequently, we are dealing 
with events with an explosive force of 10-15 megatons. It is worth pointing out, 
however, that these small, most frequent events are more powerful than the blast 
from the most powerful nuclear weapon in the current U.S. nuclear arsenal. 

Given the extremely low frequency of these natural events in combination with 
the extremely grave consequences when they occur, we find ourselves challenged to 
properly place this subject in our normal list of priorities. Inattention to infrequent 
events, regardless of their impact, is the “default” solution of choice given the crowd 
of issues continually burning around our feet. 

Therefore the Committee is to be congratulated for its foresight and exemplary 
public service in realizing the importance of dealing with this issue now. 

History 

Perhaps the best logic path to bring the Committee to appreciate our rec- 
ommendations for action is to briefly outline the key realities the founders of the 
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B612 Foundation faced when we first came together back in October 2001. We are 
primarily a group of technical experts familiar with or working within the fields of 
space exploration and planetary science. We are astronauts, astronomers, engineers 
and a few others who are knowledgeable about the subject of comets and asteroids 
and their history of impacts with the Earth and other solar system bodies. We came 
together out of a deep concern that the threat to life implied in our knowledge of 
near Earth asteroids (NEAs) was not resulting in any organized effort to take action 
to protect the public from this hazard. We came together to explore whether or not 
something could be done, and if so, whether we could trigger a program to protect 
the public. 

In summary, we faced the following facts: 

(1) Asteroid impacts with Earth have, do, and will continue to occur with dev- 
astating consequences to life. 

(2) Our detection program (the Spaceguard Survey) has produced a good statis- 
tical characterization of the overall threat and actual knowledge that at least 
60 percent of the asteroids larger than 1 kilometer in diameter will not strike 
the Earth in the next 100 years. 

(3) Many impacts by asteroids less than 1 km in diameter, however, which occur 
hundreds of times more frequently than those over 1 kilometer, will cause un- 
acceptable devastation at both local and regional levels. 

(4) The increasing capability of our detection programs in the next several years 
will result in a dramatic increase in the discovery rate of these smaller but 
very dangerous asteroids. 

(5) The media and the general public will become ever more aware of this threat 
and concerned that something should be done about it. 

(6) A known threat that can potentially destroy millions of lives AND can be pre- 
dicted to occur ahead of time, AND prevented, cannot responsibly go 
unaddressed. 

This inexorable logic led us to decide to take action and examine whether preven- 
tive measures could be taken to mitigate this threat, and if so, what specific course 
of action we would recommend. 

The Challenge 

It became immediately clear to us that the combination of advanced propulsion 
technologies and small space qualified nuclear reactors, both operating in prototype 
form already, would be powerful enough, with reasonable future development, to de- 
flect most threatening asteroids away from a collision with the Earth, given a dec- 
ade or more of advance warning. 

Nevertheless we saw two immediate problems. 

First we lack the specific knowledge of the characteristics of NEAs necessary to 
design anything approaching a reliable operational system. We could readily show 
that the technology would exist within a few years to get to and land on an asteroid. 
We also determined that after arriving at the asteroid we would have enough pro- 
pulsive energy available to successfully deflect the asteroid from an Earth impact 
a decade or so later. What was missing however was knowledge about the structure 
and characteristics of asteroids detailed enough to enable successful and secure at- 
tachment to it. 

Second we recognized that before we would be able to gather such detailed infor- 
mation about NEAs there would likely be many public announcements about near 
misses and possible future impacts with asteroids which would alarm the general 
public and generate a growing demand for action. We felt strongly that there needed 
to be some legitimate answer to the inevitable question which will be put to public 
officials and decision makers, “and what are you doing about this?” 

These two considerations led us to the conclusion that the most responsible course 
of action would be to mount a demonstration mission to a NEA (one of our choosing) 
which would accomplish two essential tasks: (1) gather critical information on the 
nature of asteroid structure and surface characteristics, and (2) while there, push 
on the asteroid enough to slightly change its orbit thereby clearly demonstrating to 
the public that humanity now has the technology to protect the Earth from this haz- 
ard in the future. 

We furthermore determined that this demonstration mission could be done with 
currently emerging capabilities within 10-12 years. 

We therefore adopted the goal of “altering the orbit of an asteroid, in a controlled 
manner, by 2015”. 

Reflecting the work that we have done to bring this goal to realization, a number 
of us wrote a descriptive article for Scientific American magazine entitled, “The As- 
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teroid Tugboat.” Scientific American published it in the November 2003 issue of the 
magazine. I have provided reprints of this article to the Committee and I would like 
to submit a copy with this testimony and ask that it be incorporated in the record. 

Implementation 

A key to implementing this mission is NASA’s Prometheus Program. Shortly after 
B612 Foundation began work on outlining a mission to explore and deflect an aster- 
oid NASA announced the formation of its Prometheus Program to develop and dem- 
onstrate technologies to permit routine human and robotic activity in space “beyond 
low Earth orbit”. 

The key technologies which NASA recognized would enable this capability are 
identical with what we had determined were necessary to demonstrate the capa- 
bility to land on and deflect a near Earth asteroid, i.e., high performance electric 
propulsion systems and the space nuclear electric power systems to power them. 
Shortly after announcing the Prometheus Program NASA announced the Jupiter Icy 
Moons Orbiter (JIMO) mission complete with schematic representations of the 
spacecraft. Integral to the design of this mission were the very high performance 
engines and space nuclear power system which would be necessary to enable our 
B612 mission. We therefore adopted, as an explicit element of our design, the JIMO/ 
Prometheus capabilities, recognizing that this was the most likely path to meeting 
the demonstration goal that we had set. 

Mounting a mission to assure the public that when we discover an asteroid “with 
our name on it” we can deflect it from a life threatening impact on Earth does not 
require the development of additional new technologies. The key capabilities re- 
quired are already “in the pipeline” of the existing Prometheus Program. No new 
NASA money is required, nor is a change in NASA’s mission called for. What is re- 
quired is that the B612 mission be incorporated within the Prometheus Program 
... a matter of policy. 

Indeed, if one examines the technical requirements associated with the B612 mis- 
sion, one sees not only a mission ideally suited to demonstrating the Prometheus 
technology, but a mission notably less demanding than the currently planned JIMO 
mission. One could then quite easily consider the B612 mission as either a follow- 
on or a precursor to the JIMO mission, depending on NASA’s technical judgment 
as to where it fits most logically in their mission model. 

The B612 mission also fits well into the President’s Space Exploration Initiative. 
This mission both utilizes and graphically demonstrates the key enabling tech- 
nologies for routine future operations “beyond low Earth orbit”. It is an ideal way 
to demonstrate the technology and the greatly enhanced propulsive capability im- 
plicit in the Prometheus exploration program. In executing such a mission human- 
kind will, for the first time in its history, have altered the trajectory of a cosmic 
body, a demonstration of evolving capability in space technology and exploration if 
there ever was one! 

Additional Perspective 

A few final comments are perhaps appropriate. 

Near Earth asteroids are a reality which is here to stay. In fact they will become 
far more prominent in the public mind as time goes on and our detection of them 
continues to improve. It is therefore appropriate that we take a more circumspect 
look at these sometimes unruly, but ever-present, neighbors. Near Earth asteroids 
are, in fact, both a threat and an opportunity. 

Certainly we need to learn more about our capability to protect life here on Earth, 
and the sooner the better. 

Visiting asteroids can also teach us a great deal about the origins of the solar sys- 
tem, and perhaps even the origins of life. Unlike the material of the Earth, which 
has been melted and processed through extensive geologic activity, the materials of 
small asteroids have not been so extensively reprocessed. They are fossil building 
blocks left over from the formation of the planets and as such can teach us a great 
deal about the original material from which the planets formed. 

Perhaps even more important, asteroids, and especially the near Earth asteroids, 
are also the most readily accessible and rich reservoir of non-terrestrial resources 
available to us. The new space initiative has emphasized our determination to re- 
turn to the Moon and then extend our capability outward to Mars and beyond. One 
of the purposes advocated for returning to the Moon is to explore and potentially 
develop the capability to utilize the resources there for human benefit. The possi- 
bility of extracting oxygen, water and perhaps other materials from lunar soils has 
long been advocated as a potential capability for reducing the cost of future space 
operations. 



44 


Yet these same resources, and others in rich abundance, characterize the makeup 
of asteroids. Unlike lunar materials, which are largely depleted of heavy minerals, 
the asteroids are quite rich in metallic elements, as well as those minerals which 
may provide water and oxygen. Furthermore it is significantly less expensive to fly 
to and from selected near Earth asteroids than to and from the Moon due to the 
virtual absence of gravitational forces associated with these bodies. 

When commercial, entrepreneurial activity emerges into deep space it will un- 
doubtedly include the development and exploitation of in-situ resources and serv- 
ices. Given the critical importance of benefit/cost analysis in any commercial venture 
it would be surprising if utilization of asteroidal resources, especially water, is not 
one of the first deep space initiatives attracting private capital. 

Given then the infrequency of actually having to deflect an asteroid in order to 
avoid an Earth impact it is unlikely that humanity will ever need to develop a 
stand-alone planetary defense system. However, given the commercial, as well as 
the scientific value implicit in near Earth asteroids it is highly likely that operations 
to and from the asteroids will become a routine part of human space operations. 
One can readily imagine a time when visiting, using and even moving near Earth 
asteroids becomes a routine human capability. Simply calling on the “Ace Asteroid 
Mining and Moving Company” to nudge asteroid 2018 FA322 gently out of the way 
may then be all that is required to prevent an otherwise devastating event. 

While the above scenario is somewhat fanciful, it is, given time, only slightly so. 
In the meanwhile, in the immediate future, we will be discovering an increasing 
number of potentially life threatening NEAs and the public will become justifiably 
concerned. Without a legitimate answer to this concern for their safety this concern 
could morph into alarm. 

While many lives are lost every year in natural disasters of one kind or another, 
there are few natural disasters that can reliably be predicted, much less prevented. 
Throughout human experience we have been faced with comforting and compen- 
sating the devastated after the disaster is over. With near Earth asteroid impacts, 
however, we are confronted with a massive natural disaster that can be both pre- 
dicted AND prevented, and the public will come to understand that this is the case. 

Given the justifiable public expectation of being protected from both natural and 
manmade disasters it is incumbent on us to address this known threat responsibly. 
We therefore make the following specific recommendations: 

(1) We call on the Congress to task NASA with increasing the capability of the 
current Spaceguard Survey consistent with the recommendations of the recent 
NASA Near-Earth Object Science Definition Team report.^ 

(2) We call on Congress to direct NASA to incorporate the B612 mission goal of 
demonstrating the capability of landing on, exploring, and deflecting an aster- 
oid as part of its Prometheus Program. 

(3) We call on Congress to request that OSTP initiate a high level study to de- 
velop a U.S. Government policy for both national and international response 
to the deflection of near Earth asteroids. 


1 Study to Determine the Feasibility of Extending the Search for Near-Earth Objects to Small- 
er Limiting Diameters, Report of the Near-Earth Object Science Definition Team, August 22, 
2003. 



To prevent 
an asteroid from 
hitting Earth, 
a space tug 
equipped with 
plasma engines • 
could give it a push 






By Russell L. Schweickart, Edward T. Lu, 
Piet Hut and Clark R. Chapman 


On an average night, more than lOO million pieces 
of interplanetary debris enter Earth’s atmosphere. Luckily, 
most of these bits of asteroids and comets are no bigger than 
small pebbles; the total weight of the 100 million-objects is 
only a few tons. And our planet’s atmosphere is thick 
enough to vaporize the vast majority of these intruders. 
So the debris usually streaks harmlessly overhead, leaving 
the bright trails popularly known as shooting stars. 
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When bigger objeco (lam into the at- 
motphere, however, they exphidc rather 
chan vapofue. In January 2000, for ex- 
ampk, a rock about two to three metera 
wide exploded over Caiuda’a Yukon 
Terntory with a force equivalent to four 
or five kiloiont of TNT. This kind of 
event occurs once a year, on average. 
Less frequently, larger rocks produce 
even more powerful explosions. In June 
1 908 a huge fireball was seen descending 
over the T unguska region of Siberia. It 
was followed by an enormous blast that 
flattened more chan 2,000 square kilo- 
meters of forest. The consensus among 
scientists today is that a rocky asteroid 


about 60 meters in dumeter exploded 
some six kilometers above the ground 
with a force of about 10 megatons of 
TNT. The blast wave devastated an area 
approximately the size of metropolitan 
New York Ci^. 

Recent observations of near-Eanh 
obiects— asteroids and comets whose 
paths could intersect Earth's orbit— sug- 
gest that the chance of a similar event 
happening mthisceniurytsabout 10 per- 
cent. Asteroids lOO meters acrou and 
larger pose an even mutt ominous threat 
because they will penetrate deeper into 
the atmosphere or hit the surface. Such 
an impact, which has a 2 percent chance 
of occurring before 2100, would cause 


an explosKMt equivalent to 100 megatons 
or more of TNT. If a large asteroid aaih- 
es into the ocean, which happens in 
about 70 percent of impacts, it could cre- 
ate a tsunanu that might kill millions of 
people by inundating coastal cities. Events 
of this kind happen once every 40,000 
years or so. And an asteroid with a di- 
ameter bigger than one kilometer would 
strike Earth with the eiKrgy equivalent 
of 100, 000 megatons ofTNT.far greater 
rhan the combined energy of all the nu- 
ckar weapons in existence. Impacts of 
this size and larger have the potential to 
wipe out human avilization, and there is 
a chance of perhaps one in 5,000 that 


such a strike will occur to thn century. 

Can humanity prevent these catas- 
trophes? Over the past decade scientists 
and engmeers have proposed a variety of 
schemes to deflect an asteroid that is 
heading toward Earth [tee box on page 
58}. Several researchers have advocated 
detonating a nuclear weapon on or near 
the asteroid to either break it up or 
change iu course, but the cfkcts of a nu- 
clear blast are difficult to predict, and 
that uncertainty has led many experts to 
view (his option at a last resort at best. 
Recently interest has focused on more 
controlled options for shifting an aster- 
Old's iraiectory. For the past two years 
we have been studying the concept of an 


unmanned space tug that would ren- 
dezvous with an incoming asteroid, at- 
tach to Its surfoce and slowly push the 
body to that it misses Earth. (Because of 
the unique characteristics of comets, we 
do not address them in this proposal. 
New stud ICS indicate that comets consti- 
tute only about 1 percent of the overall 
impact threat to Eanh.) To push the as- 
teroid, the space tug would use nuclear- 
powered engines that expel tets of plas- 
ma, a high-iemperaturc mix of ions and 
elearons. We believe (hat a mission to 



demonstrate (he asicroid-tug concept 
could be accomplished by 2015. 

Why develop such a spacecraft now, 
before astronomers have identified any 
asteniids on a collisioa course with Earth? 
Because the system should be tested be- 
fore it is urgently needed. By attempting 
to deflea an asteroid that is not on, or 
even close to, a collision irajeaory, re- 
searchers will acquire the experience nec- 
essary to build a reliable defense. Poien- 
tially hazardous asteroids have nut yet 
been studied in any detail; because we do 
not know much about their mterior 
makeup, surface charaacristics or strtK- 
lural integriry, wc cannot know whai will 
happen when a space tug nudges one. The 
best way (o learn about these cnidal as- 
pects It to land a spacecraft on an aster- 
oid and then try to move it. As a bonus, 
the mission would add to our under- 
standing of asteroids, pioneer the way to 
asteroid mining, and demonstrate critical 
technologies for future exploration of the 
sobr system. 

What IS more, NASA » already work- 
ing on the key technologies needed for the 
asteroid tug. As pan of the Prometheus 
Projea, the space agency is trying to de- 
sign nuclear reaaors that could power 
lon-propulsion systems for interplanetary 


■ Near-Earth asteroMsposca threat to humanity. Adirect hit by a 100-m«ter-widt 
aiteraid would destroy a large chy, and a one-Uometer-wid* ob}ect couSd wipe 
out ourcMtiatlon. 

■ Previous proposals for deflecting Earth-bound asteroids, such as nuclear 
expiosions or kinetic -impKt schemes, are unrefiable. But a space tug equipped 
with plasma engines could provide a gentle push that would cause the asteroid 
to miss Ms rendezvous with Earth (assuming sufficient warning time]. 

• Amission to demonstrete the asteroid-tug concept could be accomplished by 
ZOJS.NASAts already developing nuciear reactors and propulsion systems that 
could be used by the space tug. 
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a brief, powerful shove, 
the tug would deliver gentle pressure. 


I 

{ 

1 

I 
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AVERTING A COLLISION 


A SPACE lUCcAnahtf •nasterel4'*ortlt by pwtMntlntlM 12 yam befo^ tbaprojactatf Impact arat 

dirtctionof hf orbital motion. TNa diagram asaomaa that tht that the atttroid haa an orbital period of LIS years 

^ A The apace tug puaheatha 

X Biteroid for three meniha 

omiTOF y*' ^ Ijr»e«orc|.booatif*gitaorbital 

ASrtMio ■ ~ V V vfiocAybyoflecentirfreterper 

/ y \ ^ ■eoortdaitdaiigMtyeiipanding 

nM.t / / \ \ iuorbit. 


2 After about 12 I 
yeara of traveling I 
In the expanded orbit \ 

(preen Ant In 6«r befew ), \ 
the actereldia 6,220 ' 

Ulometeri behind where It 
would have been HH had 
not been deflected. 


S ffbeeeaa an undeflecied eaaereM {red 
arrpiriaAl woidd have etnick Earth, the 
deflected asteroid (preen enow) valla bohMd 
by a distance greeter than Earth's radhia. By 
the ti me dtedefle ti ed body raechea the ewpoci 
pobN (0), Earth haa moved am ef harm's tray. 


$pacecra^. NASA pbna in integrate these 
systeiru into the Jupiter Icy Monm Or- 
biter ( JIMO), j spicccrah that is expect- 
ed to viot the Jnvun ttxwiK nf Cbnyimdc, 
Calliito and Huropa in the nc.xt decade. 
The same tcchnoIogKs could be apflwd to 
thegreatevi public safety project in histo- 
ry: warding off the dooinadjy rock that 
will sooner or later threaten hununity. 

The B612 Mission 

THE rnOIILtM OF DEFLECTING an 
asteroid resolves iiiio a liming mue. bint, 
astroiMimcrs must detect the asteroid at 
least a decade before impact to provide 
lime for the actions to take effect. Fortu- 
nately, with continued improvement in 
ongoing asicroid-detecTKMi programs, 
ihu u a reasonable expcccaiion. To pre- 
vent the rock from hining Eanh, the 
iticHt efficient plan it to cither speed up 
the body by pushing it m the direction of 

www.sciam.cem 


(IS orbital motion or slow it down by 
pushingm thcopptHite Jifcction. Chang- 
ing the asteroid's velocity alters its orbital 
period— the time tt uket to go around 
the sun. Because Karth moves along its 
orbit at an average speed of 29.8 kitome- 
lera per second and ladiametcrb 12, KUO 
kilometers, our planet takes 2 1 5 seconds 
to move half lU diameter. If an asteroid 
were headed for a bull's-eye collision 
wnh Earth, the challenge would be to 
change the asteroid’s orbital period so 
that it arrives at ihe rendezvous site at 
least 2 1 5 seconds before or after Kanh 
does, allowing the body to whiz safely by 
our pbnet (tee i/Iuj/rj/ion vbiHr], 
Applying a soft but prolonged push 
on the asteroid about lOyears before ttu 
expected to hit Earth, the tug would need 
to boost the asteroid's velocity by only 
about one centimeter per second. This 
change would slightly expand the aster- 
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Old’s orbit and lengthen the time ir takes 
in travel around the sun. For example, 
for an asteroid with an orbital period of 
two years, a one-cenrimcrer-per-second 
velocity change would mcrcase its pennd 
by 4S seconds and create a delay of 2Zf 
seconds over 10 years— enough for the 
asteroid to miss Earth by a small margin. 
Alternatively, the space rug could slow 
down the aHcroid, shnnking Ksorbii and 
reducing the period by 45 seconds; after 
10 yean, the asteroid would arrive at the 
rendezvous site 225 seconds before Eanh 
does. Of course, if the space rug reaches 
the asteroid when it U closer to striking 
Earth, it would need to give ibe body a 
bigger push. This fact underscores the 
importance of early and accurate detec- 
tion of all near-lianh asteroids [ree ^ox 
t>« page AO). 

To demunstratc this concept and the 
technologies involved, we have proposed 
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the (Irv^iptnent of n *pace lug that could 
Jdlcct j ZlKI-tnctcr-wide 4H<'rr>iJ, which 
vniuU cjucc rrgumjl dcrv4Maiion if ii liii 
harth. \X'c have duhbnJ this lest pn>|cct 
the B6 1 2 nimion ( BA 1 2 ts the name of 
the .i«cr«nd in 77v f.iw/e hime. the well* 
known children's hook In- Anioinc dc St. 
|-\u|>cry}. A rocky 200-mcicf astctciid 
hasarruissol alioiit IOl>tlliniikili>graim. 
Rather than givin)i* the asteroid a brief, 
powertiilthiwe w-hwh might shatter the 
body instead of jltenng its course— the 
b6 12 tug would deliver gentle pressure. 
1 he hifce would Iv otily nlsool 2-5 new* 
tone, approximately equivalent to the 


force reqiiiivdio hold up a glass of milk. 
But if thU light nudge vs'cic aiqsln-d for 
Itisi over three nionrhs. it would be 
enou^ to change the astemul's vdociiy 
In- 0.2 vX'ntmtcter per second. Should we 
l>e faced with an actual thre.it by a 200* 
meter asicmid. our snull dcmonvtraiion 
iniMiun would either have to be seated up 
by a (actor of five or more to prev ent the 
body (r»m snushmg into l-'airh. or else 
we would have to act at least 50 years be* 
fore iiiipacr. 

Bcsaine the force must he provided 
continiHHisly hir an extended pcruKl, the 
space tug’s engines wouki require 4 sig- 


nihcani amount of fuel. An additional 
large supply of propelLmt would he 
needed togii the lug to rendezvous with 
the asteroid. Hk average vclociiy change 
to get ifum our pLmet to a typical near* 
l*!arth asteroid is about I. 5 kilometers per 
second— one third more than the vduci- 
ly v-iunge required to escape Haah’sgr Jv - 
ity. Tlte siaiidjid chemical rocket cn* 
gincs, winch mix hicl with oxidizer in a 
combustion chamber, would be hard- 
pressed to propel a cubsiantul spacecraft 
(and all the fuel needed to push the as* 
tcmidl to these speeds. Such a vehK'lr 
would require so much pnipcilant to per- 


Asteroid Roundup 

tNE VARIOUS PLANS for4cfl«cilng»n Earth-bound attereiif failNito two categones: those that rely on bnefbutimanse appbeai ions of force 
and ihosa that Involve genthj pushing or pulling the body over a long time. The most frequently mentioned concepts are described below 


' > r {XPlO*. ' *1 have been proposed m two schemes The 
obvious one is (0 destroy the asteroid by Wastingit to smithereens. 
The less obvious approach weuidbe to detonate a nuclear ritvice 
offtoonesidaof the asieroid, which would intensely haat the 
surface facirvg the nptosion. The vaponzation of surface rocks on 
that side of the astarnd would accelerate it slightly in the opposite 
diraction The aflvantage of these options is that the technoiogy 

already exists and eouM be rapidly 
deployed ThaoreticaDy. a powerful 
nucleartxptosion could deflect a 
large asteroid that is |uit months 
from hitting Earth, a capability 
beyond that of any other technique 
The problem, however, is that the 
results are neltherpredictable nor 
controllable. The explosion could 
split the asteroid Into several large 
pieces, whkh mrght compound the 
priggem rather than solve H. 

hiii TIC IM' A* I plans alsotaka 
advantage of existing technology 
Simply launch the largest spacecraft available and smash it into 
the threatening asteroid at as high a velocity at can be muttered 
Given the exiiemely high relative velocities necessary to delleci a 
substantial asteroid, a major challenge would be guiding the 
spacecraft so that all its impact energy goes into moving the asietwd 
off course and not spinning the body or knocking off asmall chip And 
as with nuclear explosions, splitting the asteroid is also a concern 

‘OKfVVa It a device built on the surface ofthe asteroid that 
would repetitively hurl recks into space, causing the asteroid to 
Kceteraie slowly in the opposite direction Throwing tnough rocks 


in the right direction wouM change the veloeity ofthe asteioid 
enough to avoid a collision withour planet. The advantage of the 
mass driver is that it ejects materials from the asteroid itself, 
obviating the need to carry propellant from Earth Throwing rocks, 
however, still requires a substantial energy source. The design of 
such a machine and its robotic installation on the asteroid's 
surface would be daunting tasks 

AP ' is similar in concept to the standoff nuclear ev^osion but 

much slower. Asmall area on one side of the asteroid would be 
heated by a powerful laser Dying near the asteroid or by sunlight 
reRected from a very large sjiace mirror. Vaporized surface material 
would propel the asteroM in the desired direction. The attractive 
aspect of this option is that the asteroid's rotation is of no concern. 
8ut the laser or mirror must be able to maintain Its position 
Kcurately to the side of the asteroid for a long period and therefore 
would require a substantial fuel supply. The optical tiements of 
such concepts would also be vulnerable to coating by the ablating 
matenal from ihi asteroid. 

vLAk I'lrlSSJ is another possible mechanism. A spacecraft 
would coat the asteroid’s surface with highly reflective paint, which 
would change tha radniion pressure cautid by solar healing and 
very gradually alter the asterorif s course. But it it difficult to see 
this technique as a workable option given the massive amount ol 
paint required and the difRculty of applying it to the surface. 

I ihecenceptbchindtheatteroidiug.itvery 
straightforward. The propulsion system required to gat to the 
asteroid, which wouM also have to be developed for the other 
alternatives, it used to deReet the rock as wall, The greatest 
advantage ol this option it that it it fully controllabla. The challenga 
lias in manewvenng the spacecraft and attaching It to the ottarwd 
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form the 1 2 mission i(ut it could not 
he bunched by a sinitic rocket; downs of 
hcavy-lib rockets would be needed to 
boost all the components into low Earth 
orbft. Then the spacecraft would have to 
be assembled in orbit, which would dras- 
tically raise the mission's cost and delay 
the |oumcy to the asteroid. 

Our goal IS to design a space tug that 
could be bunched on a single heavy-lift 
riKket, such as a Proton. Ariane 5 or Ti- 
tan 4. Because the tug must have a total 
mass less than about 20 tons, it needs ex- 
tretnely fuel-efficient engines. The pri- 
mary measure of nvket efficiency Is spe- 
cific impulse, which is the thrust generat- 
ed for each unit of fuel consumed per 
second. The most effioent dtcmkal rock- 
ets have a specific impulse of up to 425 
seconds when operating in the vacuum of 
space. (The units of specific impulse are 
seconds.) But the engines of our asteroid 
tug must have a specific impulse of 

10.000 seconds. 

This performance it not feasible for 
siancbrd chemical rockets but is com- 
fortably within the range of elearw en- 
gines, which use electrical or magneiic 
fields to accelerate ions out the exhaust 
notzk of the rocket. In thb way. the en- 
gines can achieve much higher exhaust 
velocities cliaii chemical rockets, which 
simply hunt fud and allow the expand- 
ing hot gases to escape out the nozzle. Ion 
aigines with a specific impube of 2.000 
seconds have successfully flown in space. 
A promising new engine known at (he 
VASIMK (Variable Specific Impulse 
Magnetoplasnu Rocket) use* radio 
waves to ionize a gas and accelerate the 
plasma to even higher exhaust vcloatics 
Iscc “The VA.SIMR Rocket,'' by Frankbn 
R. Chang Diaz: ScttNTtric Amemican, 
November 2000]. Rather than using a 
conventional nozzle, the VASIMR em- 
ploys magnetic fields to direct the ex- 
panding stream of ions out of the rocket 
at specific impulses between 3,000 and 

30.000 seconds. 

Of course, there is a price to be paid 
for such high performance. Althou(di 
pbsma and ion engines are more efficient 
than chemical rockets, their thrust is 
much tower (because the hiidi-tcmpera- 
rurc exhaust is so tenuous). Several nn 


THE B612 MISSION 

THE COAL of iht B612 mltaion is to significantly alter an astarolif s orbit In o 
cemrolM manner by 201 5. The space tug wouki need to rtndervouo with a target 
asteroid, attach itself to the surface and show ho abdity to manosiver the ebfeet. 



I Tho first objective of the space tug is to 
push the asteroid parallsi to its spin aids, 
inosasing its velocity In that direction by 
0.2 centimeter per second. 



onicnoM 

orfHwm 



OWAWST 
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Tht second objective is to torque the 
asteroid's spin axis by fivt to 10 


degrees. For this step, the tug's engines 


must be parallel to the surface. 



OMtenON 

OFTHRim 


engines now under development could 
achieve specific impulm approaching the 
target of 10.000 seconds, but with the ex- 
ception of the VASIMK. most electric en- 
gines generate less chan 0.1 newton of 
force. Thus, many such engines would 
have to be ganged together to reach the 
desired thrust level of 2.5 newtons. F.vai 
when combined, the engines must push 
on ihc asteroid for a very longtime to al- 
ter its orbit. Lnng-tmii operation has al- 
ready been dcmnnsiratcd, however: the 
ion engine on the Deep Space 1 space- 
craft. launched in October 1998, accu- 
mulated 677 days of operating time. 

To provide the required thrust, the 


plasma engines would need about 250 
kilowatts of electrical power (assuming 
an engine efficiency of 50 percent). This 
amount of power it considerably beyond 
the capability of the solar arrays lypKal- 
ly used for small spacecraft. Even the 
enormous solar arrays of the Interna- 
tional Space Station, when completed, 
will produce less than half this amount 
land they wilt wrifdt more than 65 ions). 
Clearly, such an array it infeasible for a 
spacecraft that must weigh less than 20 
tons in total. The only current icchnoki- 
gy that can steadily supply this much 
povzet for several years in a package that 
weighs just a few tons is nuclear fission. 


4 lnOc(eUr2002A(/SSFlll SCHW(lCKAIfT.€OWMOT.Uf.neiHU7»i>iCLMKH CHAPMAN 
a formed IM B612feuA4«t*on. anoApioflt frQ<llpded<•lt4tedfv•lop)ng•rKldtmo■v|lr•t■ 
2 ing lh« capability to doflect aslfrosds from Earth. Schwclchart.cbalr of thafoundaniHi't 
* board, it a formal NASA attronawi who piiolcd asitUo 9$ lunar modulo In 1969 and served 
2 ea the becinip commender for tht Int SIcylab misston m 1923. Lu. the fmindetion't president. 
■3 It e current astronaut who e-mailed his coninhutions to ihtt artiete while onboard the In- 

I itmaiienal Space Station Hut ft • professor at the tnsiitute for Advanced Study in Prince- 
ten. N J.. whose mam research Iniertsis are computational atitephysics and the study ol 
dense sttdar systems Chspmsn. a aewntist at tha Souihwtsi Research Institute in Boul- 
der. Colo . It a member of the toence team for the upcoming MESSENGER mlsaion to Mercury 
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The avivroiJ dll' nceJt a «imp(c. uiull 
and vifc nuclear rcauiir. FoiiiuiakK, 
VASA iuc already propiMed \on» new 
decidin' hir »pacecrjtT rracinn>. and one 
luk imdcr|{one prvltnunary tvwiiijt. An 
imjH>rT.in( cafrtk feaiiifc in (hoe new de* 
ai^tu ikilui ihciuiclrarlucl is mminulh 
radxKiclivc until the reactor has pro- 

Scouring the Sky 


Juced power nx a stKnificani amemnt of 
tune. Rec.iuse the reactor would he 
Uundied cold— that ts. tnactis'r— esen a 
catasirophic lauikh accident wiwki pn>e 
little cfivironiuental daiif^cr. II the entire 
uranium ciiiv of rhe SAt'lt-IOOU. an ad* 
vanced space rcacttir l>einj;devel<iped at 
l.m Alamos National Lahiiraiory, were 


dis)S(Tsed in a bunch explosion, the ra- 
duiMHi releahcd into the environment 
would heonlv SIX to M)cuftrs~lcssthan 
tlie total radiaiKHi contained in the walls 
of New York C-ily’s Clrand Central Sra* 
tum. (iroiind coniroltcrs would vend the 
ciunmanJ to us.t ivare rhe rcaaut only af- 
ter it wav safely in space. 

The Problem of Spin 

A MAldH CIIAt LI SGC for the K6I2 
missMin will he maneuvering around the 
larpri avtennd, landingon the body and 
attaching to its surface. In 2000 the 
Nr.AR Shtsemaker spacecraft succevsiul* 
ly maneuvered uttoorhu around Fms,llK 
second brgest ol the kmiwn nrar-Hanh 
asteroids, and even managed an iiii- 
promptu landing on the .Vl-kilorneter- 
king hoily. Japan's Havahusa spacccratr 
(fonnerly Muses*(') is now <hi its way to 
near-Karth asteroid 1 998 Sl'l6 usmg ion 
pro]>uUiofi. Once there it will lightly 
touch the asteroid's surface several times 
III pwk up samples that will be relumed 
to hinh. Hul the asteruKi tug would he 
tar larger than either of these spacecraft, 
and It would have to attach itsdf hrmly 
to the asteroid Isecaiise the gras national 
attraction at the surface of such a Kidy 
is only a himdred-tbimvandih of the grav- 
ity on lUnh. Researchers arc considering 
sescral concepts for a mechanism to bold 
the tug to the asteroid's surl.nce, hut the 
final design will inovt likely depend on 
the results of upcoming missions tlut will 
study the cnmpmition and crnKtiire of 
small asteroids. 

To speed up or slow down the aster- 
oid. tlw space rug must kcc)i the dircctinii 
III thrust paiallel to the body's orbital 
motKin. Small asteroids, though, often 
spin at Mtes ol 10 rotations or mure a 
day. One way to solve this pnihictii 
would lie to sto)i the rotation before 
pushing the asteroid, llse tug would bnd 
on the asteroid's equamr (the ring mKl* 
w'a) bciwcen the two poles ol the axis of 
roi.ition), point its ctigtiH’s horuonially 
along the equator and hreihcm until the 
thrust brought the rotation to a h.ih. 

Ihis method could he risky, htiwever, 
because most rocky asteroids appear to 
be porous, low-Jatsiiy ‘'rubble piles," 
collections of m.iny‘ large and small hnul* 


ON MARCH 10.2002, newspapers and TV news shows around the world reportesl that 
Eanh had|uit survtvtd a near rmss with a newSy discovered esieroM named 2002 £M2 
Astronomers observed Use 70 meter*long rock four days after it passed withM 461,000 
kilometers of our planet, about 1.2 times the distance between Eanh and the moon 
AlthoufhM received quite a bn of attention. 2002EM7 is fust orve of hundreds oF thoustnds 
of asteroids that have come close to or crossed Earth's orbit . The international effon to 
delect and track these potentially ihreatenkigebject i Is called ihe Spaceguard Survey 
In 1990 NASA, at the urging of Congress, adopted the goal of detecting 90 percent of 
the 1.100 or so near -Earth obyacts (HEOs] larger than one kilometer in diemeier 
Halfway Into the 10-year program, astronomers have found more than 660 HEOs of this 
size and more than 1,600 smaller bodies. Many of tha asteroids currently being tracked 
were first seen as they were leaving Earth's vlcmiy. just as 2002 EM2was- Fortunately, 
eny asteroid destined to smash into Earth wiH most likely pass within a few lunar 
distances of our planet thousands of times before finally striking it. if researchers 
identify an obftethaaded toward us. destinad for an Earth impact. Ihay will probably 
spot it dtcades or even centuries before M actually hits. The shon -warning scenario, as 
dramatized in the 1998 movies Armoyeddon and Deep 
Impact, is eiiteediftghj improbable. 

Every time Spaceguard detects a new NEO, 
scientists make projections based on its orbit to 
determine If it might strike Earthtn the nevt 160 years 
or so. The vast majority of Ihe objects discovered so far 
(mora than 99 percent) do net iccm to pose a threat. 
On rare occations Spaceguard finds a HEO that is 
predicted to swing close by Eanh in several decades 
Because the procedure for determining future orbits, 
like ell predictions, has oniy limited prectiion.one of 
these objects might actually beonacollislon course. 
So Spaceguard monitors these few N£0i very carefully, 
gradually improving the accuracy of the prediciions of 
their trajectonci. 

An aneroid with a diameter of 200 meters would 
not wreak the planctwvde devastation that a one- 
kilometer-long rxk could, but with an axploslvf force 
of BOO megatons or so it would still completely 
obliterate a city should it make even a nearby hit 
Although Spaceguard has found many asttroids of this size, larger telescopts win be 
required to efficiently detect all the 100,000 smaller but stilt dangerous asteroids that 
cress Earth's orbit. Scientists have made a number of proposalt to extend llm astsrord 
search down to objects of about 200 meters, but no commitment yet exists At best, 
such an augmented survey wIR rwt be complett until IS to 20 years from now 
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den, tnienpecsed with pebblei and tnull* 
cf grains loosely held cogetber by rite 
body's weak gravity. Although this type 
of Mruaure could withstand a force of 
several newtons distributed over two to 
five square meters of ws surface, the same 
cannot be said for the internal stresses cre- 
ated by slowing dosvn and Mopping the 
body's rotation. It seenu hi^ly likely that 
altering the finely babneed gravitational 
and cmtnpetal forces assocuted with as* 
leroid rotation would cause significant 
and possibly destructive rearrange- 
ments— tn ocher words, asteroid quakes. 

Hor this reason, a bener alternative 
might be to allow the asteroid to contin- 
ue rotating but to torque the spin axis 
gradually until it is parallel with the 


body's orbftal motion and keep it there. 
With the axis properly aligned, the tug 
would push the spinning asteroid along 
Its orbit like s pinwhcel. For the B612 
demonstration miuion, we plan to 
choose an asteroid spmning at about four 
rotations a day (typical of asteroids this 
siael and torque ICS spin axis by five to 10 
degrees |srr tUuffratton on page 59). Us- 
ing 2.5 newtons of thrust applied at ei- 
ther the asteroid's north or south pole, 
the task would require a couple months 
of steady torquing. Although this result 
would clearly demonstrate the capability 
to maneuver an astemid, an aaual de- 
flectxKi would require many months, and 
perhaps even yean, to properly orient the 
asteroid and accckraie it in the desired 
direction. 

Another importam challenge would 
be to deflect the asteroid in such a man- 
ner that it does not simply return again 
several yean bter on a new collision 
path, flodies passing close to Farth are 
often gravitationally deflected into reso- 
nance orbits that have periods that are 
proportional to Eanh's period; as a re- 
sult, the bodies may pchodically return 
to our planet's vicinity. We must thcre- 

www. seism. com 


fore precisely deflect the asteroid onto a 
trajectory that ensures it will not end up 
in a resonance orbet. This requirement 
for precisbn is one of the best arguments 
for the asterotd-li^ concept. The tug pro- 
vides a carefully controlled maneuver, 
whereas most of the ocher deflection 
schemes yield an approximate, uncon- 
trolled velocity change at best, thereby 
risking a boomerang scenario. 

Protecting Our Planet 

THK MISSION we arcproposmgwould 
cost about $1 billion— a ht more than 
half of 1 percent of NASA's expected 
spending over the next lOyears— provid- 
ed chat off-the-shelf power and propul- 
sion systems are used and a single existing 


launch vehicle can lift the spacecraft. Is 
this project worth the expense.* Although 
the actual use of an asteroid deflection 
system would be rare— never m our life- 
times, we hope— its value would be be- 
yond measure. An asteroid collision with 
Farth would be so potentially dcvattating 
that prevcntuig it would be worth almou 
any cost. By practicing an asteroid deflec- 
tion, the B<»12 mission would show 
whether the a«eroid-cug concept is feasi- 
ble and, if so, how m should be refined m 
the event of a real impact threat. 

The scicncilic benefits of the demon- 
stration miuion would also be signifi- 
cant. Asteroids are remnants of the early 
solar system and have much to cell us 
about the formation of the planets and 
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perhaps even the origins of life. Re- 
searchers have already learned a great 
deal by studying meteorites, the pieces of 
asteroid debris that survive the fiery 
plunge through Eanh's atmosphere, but 
a much greater payoff would come from 
visiting the source of these fragments. 

In addition, asteroids arc believed to 
contain brge amounts of metals, miner- 
als and water ice. Experts on space ex- 
ploration claim chat uking advantage of 
these resources could dramatically re- 
duce the cost of future inrerpUneiary 
flights (see "Tapping the Waters of 
Space," by John S. Lewis; SctENTtnc 



Amfaican htEsum, Spring 1999|. The 
B612 miuion would vividly show that 
spacecraft could access these materials; 
using the same maneuvering and clocking 
techniques devekiped for the asteroid tug, 
cNher vehicles could land on asteroids and 
begin mining operatiora. And these ef* 
fons may eventually pave the way for a 
manned miuion to a near-F.arth ostcroicL 
Indeed, many expens contend that send- 
ing astronauts to an asteroid would be 
quicker, less costly and more worthwhile 
than a human mission to Mars. 

Most important, the B612 demon- 
ftraiKin would fulfill NASA’s staled mis- 
sion, "To protect our home planet ... as 
only NASA can." A better match could 
hardly be found. ■ 
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CoattUc PlnhaR; Tbo Sdtitca of Comoro. Hotaora. and Aoiorotda. Carolyn Swmnort and 
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deflection system would be rare, 
its value would be beyond measure. 
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Senator Brownback. Mr. Griffin — Dr. Griffin, how many times 
has the Earth been struck by a substantial sized asteroid? By this, 
I mean something a 100 meters or greater that we know about or 
that we have a pretty good idea it took place. You’ve cited a couple, 
but how many times? l3o we know? 

Dr. Griffin. I would have to defer to someone with greater ex- 
pertise on that than myself, but in fact I don’t think the answer 
is known. We have catalogued around the globe several dozen, 
many dozen known impact events by the scars that they leave be- 
hind. 

Senator Brownback. Known impact events that had a substan- 
tial impact on the Earth in that particular area? 

Dr. Griffin. Right. Like the meteor crater in Arizona or larger. 
OK. Many dozen of those are known. Some of them ancient. Some 
of them relatively new in geologic terms. But the Earth heals itself 
quite rapidly. The Earth is not a good witness plate for such 
events. I’ll look at the moon and it probably offers a better estimate 
of what really happens to a celestial body over the course of time. 

Senator Brownback. And it’s actually even a smaller target to 
hit than the Earth so 

Dr. Griffin. That’s correct. Senator, just by chance I happen to 
have been asked to provide a lecture somewhat along those very 
lines so I can tell you that the answer is greater than hundreds of 
thousands of times the Earth being hit in its history by objects a 
hundred meters and greater in size. 

Now, we don’t have much evidence of that in the form of scars. 
We do see scars from only about 200 impacts that we’re aware of 
at this time, but again looking at the moon, you can take each cra- 
ter there and multiply by about 20 to 30 and know that that’s hit 
the Earth — that we have been hit — the Earth that many times. 

Senator Brownback. Is that where you come up with that num- 
ber as you look at the moon and then multiply out the number of 
craters? 

Dr. Griffin. What I would refer you to as the most authoritative 
thing, sir, would be in fact the report sitting in front of Grant 
Stokes here that he co-chaired in terms of the development. And 
there is within that report a graph which give you the best knowl- 
edge that we have, statistical knowledge of the frequency of aster- 
oids in near Earth space and you can simply utilize that graph at 
any size asteroid you want and get the number and the size and 
power of any of these asteroids. So I refer you to that excellent re- 
port. 

Senator Brownback. Dr. Stokes. Do you know the answer to 
that question? 

Dr. Stokes. What we’ve done to come up with the best estimate 
of impact actually looks at a number of things. One looks a lunar 
cratering rate to get an estimate. 

One can also get an independent estimate looking at the per- 
formance of the search systems that have been ongoing which have 
been making a lot of progress recently. And in fact, you can take 
all the search volume that they’ve done, and all the detections and 
all the re-detections, use that to estimate an impact rate. And in 
fact, it’s getting to the point where all of those numbers are begin- 
ning to come together and be consistent and so we’re very happy 
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with the about 1,100 larger than a kilometer size. We believe that’s 
a good estimate. 

Once you have that estimate and then work some extrapolations 
from there which can be tied down at various sizes from the moon 
and also the experience of very small events, things hitting LDEF 
for instance, micrograins, you can put those all into a continuum 
and the story sticks together very well. 

On that basis, we can then estimate the rate of impacts as a 
function of size, which is where we came up with the numbers that 
I previously had quoted. 

Senator Brownback. Well, how many times this last century has 
the Earth been struck by a substantial asteroid that caused at 
least significant localized damage? 

Dr. Griffin. I think we know of two specific instances. One in 
Siberia in 1908. One again in Russia in 1947, both of which caused 
substantial damage on the ground. We know of a number of other 
events that range down to an asteroid hitting a car in the Eastern 
seaboard a few years ago and 

Senator Brownback. That would be a real unlucky day, wouldn’t 
it? I mean, you’re just sitting here in your car and 

Dr. Griffin. Actually, it hit a car in a garage and I think it vast- 
ly increased the price of that car that day. 

Senator Brownback. That’s not so unlucky. 

Dr. Griffin. There certainly have been many other events where 
things get down to the ground many of which land in the water. 
Many of which land in unpopulated areas and are not seen. An- 
other way to get data is to look at the military satellites that look 
down for events in the atmosphere. They routinely detect, you 
know, modest size objects, but kiloton and larger events in the 
upper atmosphere, so there are statistics coming from those as 
well. 

Senator Brownback. What’s the chance of getting international 
cooperation at the operational or funding level to get at least the 
catalogue of these objects? 

Dr. Griffin. Let’s see. I think to some extent there is a loosely 
coordinated international effort ongoing now. Most of the large sur- 
veys are operated in the United States based largely on NASA 
funding, and I think there’s a view in the — at least Europe and the 
rest of the world that if NASA’s doing that maybe we should just 
let them do that and contribute where we can. 

Another place that work has to be done is in following up objects. 
The large surveys where we go out and find a large number of 
these objects, initially finding them is only part of the process. 

We also need a continuing stream of observations to develop a 
good orbit and keep track of them. Many of those are provided by 
international sources. Many of them are provided by amateurs that 
are very interested in doing this. Many of them Japanese. Eastern 
Europe in fact has some very active professionals that do this. 

And all of that data is sent to a place called. The Minor Planet 
Center in the Harvard Smithsonian in Cambridge, Massachusetts 
where all that data comes together and is used to maintain a cata- 
logue of all of the objects. So that is chartered by the International 
Astronomical Union. It is an international body that gives dis- 
covery credit and monitors naming rights and things like that. 
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So there is a very international flavor on these after discovery 
and that works actually very well. 

Dr. SCHWEICKART. Yes, just a minor additional comment. There 
is an excellent report that was chartered by the Parliament of the 
United Kingdom several years ago and I also recommend that Task 
Force Report to you. It made excellent recommendations in terms 
of the U.K. jumping in to provide resources for this very vital task. 
Unfortunately, there has been no action taken on the excellent rec- 
ommendations of that report. As recently as a couple of months ago 
in Parliament specific recommendations were considered and the 
bottom line is nothing in fact happened. 

Another action has been taken by the OECD. OECD has begun 
to hold several discussions on the issue of mitigation of asteroid 
and comet impacts and what might be done in terms of disaster 
preparedness. There was a meeting a year ago, January in 
Frascati, Italy, but again, there was no expenditure of funds. 

What was done there which I would strongly urge. Senator 
Brownback, is that all nations participating in the OECD hearing 
were recommended that they identify a particular governmental in- 
stitutional person to monitor this issue of asteroid impacts and 
their consequences. 

Ironically, while NASA is today tasked with conducting certain 
surveys, there is no identification within the U.S. Government of 
direct responsibility for monitoring this as a public safety issue. 
And that would be — that is in fact a recommendation by a number 
of organizations and I would encourage that that be looked at by 
this committee. 

Senator Brownback. I think that’s one of the proposals in the 
Rohrabacher bill from the House side. 

Dr. Griffin. Yes, it is. 

Senator Brownback. That we’re looking at here from this side. 
I understand that maybe some of you already have commented on 
this and I haven’t picked it up. But the American Institute of Aero- 
nautics and Astronautics held a conference on protecting the Earth 
recently and were any of the recommendations that you’ve put for- 
ward recommended by that conference or does anybody 

Dr. Griffin. Yes, sir, I can address that. In fact, I talked yester- 
day by phone with the General Chairman of the AIAA Conference 
on protecting the Earth from asteroid and cometary impacts. There 
is a final report from the conference itself and I can, or better yet 
AIAA, American Institute of Aeronautics and Astronautics, can 
make that conference report available to you. 

It has also been compressed and presented or is being presented 
to the AIAA per se as a policy document. They will shortly vote on 
that and there will be an official AIAA recommendation, but that 
has not yet been issued. I can read you one final paragraph to give 
you a flavor of the AIAA position. They say: “Future impacts by 
comets and asteroids are a certainty. Such impacts could have se- 
vere consequences even ending civilization and humanity s exist- 
ence. Life on Earth has evolved to the point where we can mount 
a defense against these threats. It is time to take deliberate steps 
to assure a successful defensive effort should the need arise.” 

So the AIAA I believe will take a fairly strong position on this 
proposal. 
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Mr. Richardson. I would echo that. I’m the President-Elect of 
AIAA for the coming year and a member of the Board of Directors 
and I have followed this and feel quite certain that the organiza- 
tion — or the directors will vote affirmatively as Rusty has sug- 
gested. 

Senator Brownback. Is this a high priority for that organiza- 
tion? 

Mr. Richardson. Yes, it is, again, in support of the overall con- 
clusions of the study that has been referenced here several times 
and of the President’s exploration initiative because we believe that 
it is all tied together. 

Senator Brownback. That this should be a key part of the Presi- 
dent’s overall exploration initiative? 

Mr. Richardson. I believe that’s correct. 

Senator Brownback. It seems to me that it ties in with it as well 
and that there’s an additional — this huge safety factor and issue 
here for the area that might get hit or all of civilization even in 
the most catastrophic 

Mr. Richardson. That’s correct. The safety issue is a little dif- 
ficult for many people to get their arms around because if you take 
other threats for example, you can calculate quite well the odds 
that any individual has of being struck by lightning and we know 
that, but most individuals will not ever be struck by lightning. 

However, we know that in any given year the odds are quite 
small that the Earth will be struck by a major asteroid. But we 
know that sooner or later that will occur and when it occurs every- 
one will die. Unlike most other catastrophic hazards to life and 
property which affect only a small subset of the human race, it is 
inevitable that an asteroid will strike the Earth and that it will 
have the capability to essentially take out the whole plant and 
that’s what’s different about this particular hazard. 

Dr. Griffin. Senator Brownback, if I could try a slightly dif- 
ferent perspective to the question that we’re discussing right now. 
If you think about the asteroids as a mixed bag, that is there’s good 
news and bad news. The bad news we’ve been focusing on here 
today, but there’s good news there in terms of resources as well as 
scientific knowledge. 

But if I just deal with resources, let me say that the whole Presi- 
dent’s new initiative in space to enable routine operations of 
human kind beyond low Earth orbit will ultimately depend upon 
accessing resources that are already in space and utilizing them. 

Asteroids are the ideal source of that because you don’t have to 
lift them off the moon number one because it has such low gravity. 
They’re right there with no gravity around them and they’re actu- 
ally richer than the lunar soils. So in terms of commercial private 
enterprise activity in space, I think there’s no question but that 
private investment, once there is a buyer of the products and serv- 
ices, private investment will find it profitable to mine and 
produce — to mine minerals or whatever, oxygen, water, you name 
it, and provide services associated with the Near Earth Asteroids. 

Now, when that commercial operation gets going, the once every 
three or four hundred years that you will need to deflect an aster- 
oid because we find one heading our way, will be a simple matter 
of contracting with the Ace Mining and Moving Company to push 
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that one a bit you know in what they’re doing and get it out of the 
way. 

So I think that you’re looking at routine operations developing 
around asteroids and almost as a natural byproduct of that, the ca- 
pability to protect the Earth will emerge. So I think there is a 
great deal of correlation between the overall capability that we’re 
looking for and the long-term development of the space environ- 
ment beyond low Earth orbit as in the President’s initiative. 

Senator Brownback. Well, gentlemen, thank you very much for 
joining me today. We’ll keep the record open for the requisite 
amount of time if you would care to add to your comments that 
were put forward here today. 

I did submit a series of questions and I don’t — I think some of 
them were to you gentlemen from Mr. Nelson and so those will be 
submitted to you. And if you could respond to those, I know Sen- 
ator Nelson would certainly appreciate that as well. 

Very interesting. Very illuminating and as usual a resource 
issue. And resources is always about a competing set of interests 
in it and hopefully we can get more resources to this for both the 
protection and for the opportunity that they represent. 

God speed to you. It’s a very interesting field that each of you 
are involved in and quite important for the future of society, future 
of humanity. 

Thank you for coming. The hearing is adjourned. 

[Whereupon, at 4:19 p.m., the hearing was adjourned.] 
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Prepared Statement of Congressman Dana Rohrabacher (R-CA) 

I want to thank Senator Brownback for his leadership in holding today’s hearing 
on the threat posed by near Earth objects (NEOs). As Chairman of the Space and 
Aeronautics Subcommittee, I’ve made addressing this threat one of my top prior- 
ities. Our hearings have revealed that monitoring and tracking NEOs such as com- 
ets and asteroids is not only vitally important to the advancement of the field of 
astronomy, but also critical in identifying NEOs that threaten the Earth. Recent 
press accounts of asteroids passing close to the Earth have raised public awareness 
of the possibility that these objects could one day hit the Earth with potentially cat- 
astrophic consequences. Given the vast number of asteroids and comets that inhabit 
Earth’s neighborhood, greater efforts for tracking and monitoring these objects are 
critical. 

This is why I introduced H.R. 912 the “Charles ‘Pete’ Conrad Astronomy Awards 
Act,” which passed the House last month, and H.R. 3813 the “George E. Brown, Jr. 
Near-Earth Objects Survey Act.” It is vital that we use all available public and pri- 
vate sector resources for tracking and monitoring NEOs. 

H.R. 912 authorizes the NASA Administrator to give one award each year to the 
amateur astronomer or to the group of amateur astronomers that discovered the in- 
trinsically brightest near-Earth asteroid among the near-Earth asteroids discovered 
during the preceding year by amateur astronomers, and another award to the ama- 
teur astronomer or group of amateur astronomers that made the greatest contribu- 
tion during the preceding year to the Minor Planet Center’s catalogue of known as- 
teroids. The recipients of the awards, in the amount of $3,000, are limited to U.S. 
citizens and permanent residents. 

This bill is a tribute to Pete Conrad for his tremendous contributions to the aero- 
space community over the last four decades. Pete Conrad was a pilot/explorer/entre- 
preneur of the highest caliber. He commanded Apollo XII, and during that mission 
became the third man to walk on the Moon. I find no better way to honor Pete 
Conrad than to establish an annual astronomer’s award for future asteroid discovers 
in his name. He always wanted people to be looking up with a positive “can-do” 
American spirit — exemplified by his historic description of landing on the Moon. 

H.R. 3813 authorizes the NASA Administrator to plan, develop, and implement 
a near Earth objects survey program for the purpose of detecting, tracking, cata- 
loguing, and characterizing physical characteristics of near-Earth asteroids and 
comets 100 meters or greater in diameter. The bill also amends the NASA Act of 
1958 by directing the agency to use its resources and the expertise of its workforce 
to carry out the NEC survey program — so as to provide warning and mitigation of 
the potential hazards of NEOs that threaten impact with the Earth. The bill author- 
izes appropriations in the amount of $20 million for Fiscal Years 2005 and 2006 to 
enable NASA’s efforts in this area. 

In his agency vision statement, NASA Administrator Sean O’Keefe talked about 
the planet’s environment. I believe protecting our planet from impacting asteroids 
should also be one of NASA’s major concerns. A few years ago, NASA initiated the 
“Spaceguard” plan, which is intended to catalog at least 90 percent of them by 2010. 
Presently, the Spaceguard program appears to be on track, but its focus is on sur- 
ve3dng asteroids large enough to destroy all life on Earth. Surveys of smaller aster- 
oids with the potential to destroy cities, countries, and to bring about changes in 
global climate should also be vigorously pursued. 

Of course, the threat of an asteroid hitting the world is a serious matter. The idea 
of a catastrophic asteroid or comet impacting on the Earth has garnered much at- 
tention in the media and popular culture. It’s vital for all of us to realize, however, 
that this is not science fiction. We all know that the Earth’s moon and many other 
planetary bodies in the solar system are covered with impact craters. Most people 
have heard of the “dinosaur extinction” theory or perhaps seen pictures of the me- 
teor crater in Arizona. However remote the possibility of NEOs striking the Earth 
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and causing worldwide calamity in our lifetime, it has happened and it will happen 
again unless mankind is able to detect and possibly avert a catastrophe. 

While the asteroid that killed the dinosaurs is estimated to occur once every 100 
million years, smaller, yet still very hazardous asteroids impact the Earth much 
more frequently. For example, the destructive force of the 1908 Tunguska event in 
Siberia was roughly equal to a 10-megaton blast of TNT caused by an asteroid esti- 
mated to be about 200 feet Greenland involving an asteroid, which had a destructive 
force measuring 100 kilotons of TNT. 

Ironically, if you look at asteroids from the perspective of our national goals in 
space, they also offer us unique opportunities. In terms of pure science, asteroids 
are geological time capsules from the era when our solar system was formed. Even 
better, they are orbiting mines of metals, minerals, and other resources we can use 
to possibly build large structures in space without carr3ring everything up from the 
Earth. So far, NASA has surveyed 600 asteroids, but this is a small fraction of the 
projected total. What needs to be done now is to fully survey the NEO population. 

In closing, it is my hope that H.R. 3813 will bring greater attention to the NEO 
issue by focusing NASA more closely on this critical area of study, because NEOs 
have given the topic of planetary defense a serious tone within the scientific commu- 
nity. The first step is a thorough tracking of all sizeable NEOs, and H.R. 912 and 
H.R. 3813 are modest steps toward this goal. Thank you, Mr. Chairman. 
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